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ABSTRACT 
Autonomous repair of synthetic materials has previously been demonstrated by the 
incorporation of biomimetic microvascular networks within structural polymers and polymer 
composites. Internal networks of channels act as pathways for mass transport of liquid healing 
agents to damage regions that intersect the vasculature. Microvascular self-healing has proven 
effective in restoring fracture toughness and modulus by re-bonding the surfaces of damage-
induced microcracks; however, large damage volumes (crack separations > 100 µm) provide 
additional challenges. Capillary forces (i.e. surface tension) aid in retention of healing agents 
within small crack separations, but gravity may draw healing agents away from larger 
separations to prevent repair. Inspired by the ability of natural organisms to regenerate lost 
appendages, this dissertation explores the interaction between microvascular self-healing 
materials and large damage volumes with respect to healing agent composition and delivery 
mechanism. 
 Previously reported healing agent chemistries are either mechanically robust (epoxy-
based) or rapid response (gels). Here, a two-stage polymer system is introduced in which a fast 
gelation (~30 s) is followed by free radical polymerization (>1 hr) to obtain a rapid-response 
system that subsequently cures into a structural polymer. Viscosity and surface tension are 
leveraged to optimize delivery and wetting properties. The healing agents allow for the 
successful recovery of lost mass for through-thickness damage regions spanning up to 11.2 mm 
in thin epoxy sheets through the careful control of delivery parameters and sample geometry. 
Additionally, a series of epoxy-based healing agents is characterized to determine response time, 
viscosity, surface tension, thermal performance, and fracture properties with the goal of 
improved healing response. In addition to work involving the performance and function of 
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microvascular systems, a technique for automatically tracking crack length in-situ is presented 
for the double cantilever beam specimens and a method for creating branched vasculature via 3D 
printing of poly(lactic acid) is introduced. 
 The components of two-part healing agents must successfully mix in the damage region 
to obtain a healing response. An air-driven flow system is developed to deliver alternating 
droplets of healing agents into a damage region to achieve high levels of mixing. The final 
mixing efficiency of the healed region is determined via confocal fluorescent microscopy. A 
statistical analysis of embedded fluorescent nanospheres reveals the air-driven system greatly 
exceeds previously reported methods for inducing mixing of healing agents in microvascular 
systems. In-situ delivery is demonstrated for a simulated delamination event in a double 
cantilever beam specimen. The damage event ruptures the microchannel and mixed droplets of 
epoxy-thiol healing agents are delivered to the crack plane. Following fracture, droplet flow in 
the air-driven system is reinstated by crack closure, which continuously purges healing agents 
from the channel to prevent blockage. Multiple healing cycles of up to 190% healing efficiency 
are demonstrated for a microvascular composite using the air-driven approach. 
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CHAPTER 1 
INTRODUCTION 
Engineering materials possess a finite functional lifetime due to a gradual decay in 
performance from damage following exposure to operational conditions such as corrosion, 
thermal fluctuations, or cyclic mechanical loading. Risk to safety and function is mitigated by 
overdesign of structures as well as periodic inspection and repair. Manual repair or replacement 
of damaged structures can be prohibitively costly or inaccessible for applications in aerospace, 
biomedical, or other environments. In response to these challenges, researchers have developed a 
multitude of “self-healing” strategies for autonomous repair in synthetic materials.[1-3] 
Biological organisms accomplish the task of tissue self-repair through the use of 
pervasive vascular networks. The vascular networks act as conduits for the mass transport of 
fluids containing oxygen, which functions as both nutrient and antibiotic.
[4]
 Disruption of the 
vascular network in a wound results in hypoxia until neoangiogenesis provides new paths for 
oxygen supply to continue the healing process. In the case of bone defects, clinical evidence 
suggests a correlation between disruption of vascular supply and failure of fracture healing.
[5]
 
Strategies to medically assist the repair of very large wounds include implementation of 
engineered scaffolds that promote angiogenesis by providing a template for the growth of new 
vasculature (Figure 1.1). Although synthetic materials do not yet approach the complexity of 
biological systems, the most basic elements of biological repair strategies can be applied for 
engineering self-healing applications. 
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Figure 1.1: Strategies to repair large bone defects and promote angiogenesis including an engineered scaffold, 
endothelial cell seeding, and doping with growth factors. Figure reproduced from Stegen et al. 2015 [5] with 
permission from Elsevier. 
 
White et al. demonstrated self-healing in an aerospace grade epoxy by embedding fluid-
filled capsules into a bulk polymer.
[6]
 Upon fracture, the capsules released liquid monomer 
healing agents that subsequently cured to rebond crack surfaces and restored fracture toughness 
to the system. Many other types of capsules systems were subsequently explored for various self-
healing applications ranging from microelectronics to biomedical  implants.
[7-10]
 Although both 
autonomous and effective, microcapsule-based approaches are capable of only a single healing 
event and limited to relatively small damage volumes.  
Biomimetic microvascular systems have been developed to address the limitations of 
capsule-based self-healing systems. Networks of microchannels are embedded into a structural 
polymer or polymer composite (Figure 1.2). Healing agents are circulated through the network 
and released as a damage event ruptures the vasculature. Because healing agents are delivered 
from external reservoirs, the volume of healing agent is virtually unlimited. In-situ healing of a 
structural polymer with microvascular networks has been demonstrated for internal cracks
[11-15]
 
was well as cracks in a brittle coating on a microvascular substrate.
[16-19]
 In composites, 
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microvascular approaches have been demonstrably effective in repair of crack separations up to 
100 μm with multiple healing events.[20] This chapter reviews the literature on microvascular 
self-healing materials and discusses challenges relating to healing agent delivery and retention in 
damage regions. 
 
 
Figure 1.2: Self-healing schematic for microvascular polymer matrix composite.  Damage is introduced to a 
microvascular composite.  Healing agent fluids are released by the vasculature.  Recovery of composite 
following reaction of healing agents. Figure reproduced from Patrick et al. 2014[20] with permission from John Wiley 
& Sons, Inc. 
 
1.1 Microvascular Self-Healing Polymers 
 Toohey et al. introduced the first biomimetic vascular approach to accomplish 
autonomous repair of a synthetic, structural polymer.
[16]
 An orthogonal network was constructed 
via 3D printing and embedded into an epoxy substrate. A brittle epoxy surface was damaged 
during flexture, releasing dicyclopentadiene (DCPD) monomer fluid from the underlying 
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capillary network due to wicking and capillary action, which reacted with embedded Grubbs’ 
catalyst (benzylidenebis[tricyclohexylphosphine] dichlororuthenium) in the damaged coating. 
(Figure 1.3). Healing was accomplished up to 7 times for a single sample, demonstrating the 
ability to repeatedly self-heal; an aspect that capsule-based approaches lack.
[2]
 Further refinement 
of the experimental protocol led to self-healing systems containing two non-intersecting 
microvascular networks that contained a Part A:Part B epoxy resin system as a healing agent to 
extend repeatability to over 20 cycles.
[17] 
 
 
Figure 1.3: First demonstration of microvascular self-healing polymers. a) Schematic diagram of a capillary network 
in skin b) Schematic diagram of the self-healing microvascular substrate with epoxy coating. c) Cross-section 
showing vascular network and surface cracks (scale bar = 0.5 mm). d) Release of healing agents after surface 
damage (scale bar = 5 mm). Figure reproduced from Toohey et al. 2009[17] with permission from Nature Publishing 
Group. 
 
 Recent work has extended the reach of microvascular self-healing techniques to include 
the repair of internal damage in polymers and polymer composites.
[11-15, 20-22]
 Hamilton et al. 
embedded channels into a neat epoxy, and demonstrated autonomous healing of fracture damage 
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in a double cleavage drilled compression (DCDC) test geometry using capillary forces to wick 
healing agents into the crack plane post-damage (Figure 1.4).
[11]
 Healing efficiency (measured as 
fracture toughness of a healed sample as compared to the virgin condition) tapered off drastically 
with multiple test cycles in their initial work, but the authors later introduced pressurized 
delivery to address this limitation by ensuring delivery of adequate volumes of healing agents.
[14-
15]
 Continuing work in this field has focused on repair of delamination damage in fiber-
reinforced polymer matrix composite structures.
[12, 20, 22]
 
 
 
Figure 1.4: a) Microvascular DCDC sample geometry b) Dyed healing agent release upon fracture (scale bar = 2 
mm). Figure reproduced from Hamilton et al. 2010 [11] with permission from John Wiley & Sons, Inc. 
 
1.2 Microvascular System Challenges 
1.2.1 Large Damage Volumes 
When confronted by a catastrophic injury which results in severe mass loss (e.g. 
appendage amputation), organisms such as amphibians respond with regeneration and regrowth 
of the lost structure.
[23-24]
 In great contrast, most synthetic self-healing materials to date are 
intolerant of catastrophic damage. For microcapsule systems, capsule concentration limits the 
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total volume of healing agents available for deployment, which renders this method ineffective 
for large crack separations (>35 μm).[25-26] Kirkby et. al. implemented shape memory alloy (SMA 
wires) into a self-healing test geometry in order reduce crack length after fracture had occurred 
to ensure the fill factor of capsule payload could address the crack volume.
[27]
. Although damage 
volume tolerance was improved in this case, the system was designed primarily to mitigate 
micro-cracks and was not tested for alternate damage geometries. 
Damage modes such as through-thickness puncture present an additional challenge for 
self-healing materials due to the potential for fragmentation and large, open damage volumes. 
Through-thickness ballistic impact punctures have been healed in ionomers.
[28-29]
 In this case, the 
authors reported a “shape memory effect” shifted damaged surfaces close enough together such 
that viscous flow generated from the energy of impact could re-seal the damage site. Rampf et. al. 
demonstrated another method for repair of puncture damage where a compressed foam substrate 
expanded to seal a membrane by filling in the puncture location post-impact.
[30]
  
Prior to work described in this dissertation, healing of large, open volumes stemming 
from damage-induced mass loss had not been investigated. Microvascular systems are needed to 
address such a challenge because only microvascular networks with reservoirs can supply a 
sufficient volume of healing agent.
[2, 15, 17]
  However, microvascular self-healing systems are 
susceptible to failure from bleed out following a catastrophic damage event (Figure 1.5). Due to 
forces such as gravity and surface tension, healing agents will not be retained within a 
sufficiently large damage volume. This bleed out condition results in material failure despite the 
fact that sufficient healing agent volumes are available to fill the defect. 
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Figure 1.5: Microvascular composite panel. Damage induces mass loss and creates a large, open damage volume. 
Healing agents bleed out of the damage region due to forces imposed by surface tension and gravity, leading to 
material failure. 
 
1.2.2 In-Situ Mixing of Reactive Components 
Successful microvascular healing requires the liquid healing agent(s) to react at the site of 
damage to cure into solid, structural adhesives. The healing agents are typically designed to be 
latent while within the vascular network, and only react once damage-triggered release occurs. 
Toohey et. al. first explored the use of a DCPD/Grubbs’ catalyst chemistry, but ultimately found 
the catalyst distribution and poor stability limited both the number of healing cycles possible as 
well as the healing efficiency.
[16]
  
Much of the subsequent microvacular self-healing effort has focused on 2-part chemistry 
systems consisting of an epoxy “resin” component and an amine “hardener” component.[11-15, 17-
21, 31]
 When mixed, epoxy and amine react to form a structural adhesive to rebond crack surfaces 
and facilitate healing. As such, mixing of these two liquid components is required to obtain a 
heal event. The delivery of stoichiometric ratios is also required to reach the optimal mechanical 
properties of the system.
[32]
  
Various strategies have been presented to facilitate mixing of two-part healing agents. 
Toohey et. al. relied on capillary forces to deliver epoxy and amine components from separate, 
parallel networks.
[17]
 Control of stoichiometry and mixing was poor, requiring several cycles of 
post-damage mechanical flexure in order to elicit a healing response. Subsequent work with 
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capillary force-driven microvascular systems incorporated interpenetrating networks to increase 
the number of interfaces between healing agent components and improve mixing.
[11, 18-19]
 Norris 
et. al. adopted a method by which resin and hardener are pre-mixed and injected via 
pressurization.
[12-13, 31] 
Such a technique ensured perfect mixing and properly controlled 
stoichiometry, but neutralized the possibility of multiple heal cycles since pre-mixed epoxy 
cured inside the vasculature and prevented a response to subsequent damage events. Hamilton et. 
al. obtained a significant improvement in the ability to control stoichiometry and obtain mixing 
of two-part healing agents through alternating pressurization of epoxy and amine networks.
[14-15]
 
Rather than relying on diffusive mixing, the delivery protocol itself created interfaces between 
resin and hardener. In addition to improving mixing between components, the system could 
function with a far simpler vasculature since interpenetrating networks were not necessary to 
induce interfaces and mixing. 
Assessing the mixing of microvascular components is as challenging as the act of mixing 
itself. In many cases, mixing has been inferred from the mechanical performance of the system 
rather than direct observation.
[17-18]
 Mixing has also been ascertained through the incorporation 
of fluorescent dyes that allow a post-delivery assessment of healing agent placement.
[11, 14-15, 19-20, 
22]
 Although useful in visualizing relative levels of mixing, a quantitative assessment of the 
results was not obtained. More recently, Patrick et. al. introduced a method to obtain both 
visualization and quantitative chemical data relating to mixing of a two-part healing agent in a 
microvascular system (Figure 1.6).
[20]
 Confocal microscopy was used to obtain Raman spectra 
from the fracture surface of a double cantilever beam (DCB) specimen. The ratio of peak 
intensity from invariant peaks revealed the local stoichiometry of epoxy and amine components. 
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Although mixing was successful at specific locations, the analysis did not provide a global 
measure for mixing. 
 
 
Figure 1.6: Mixing characterization for microvascular self-healing composite (scale bars = 5mm). a) Fracture 
surface showing healing agent placement from a “parallel” microvascular network. b) Raman spectra obtained from 
points indicated in a) showing high and low levels of mixing. c) Fracture surface showing healing agent placement 
from a “herringbone” microvascular network. d) Raman spectra obtained from points indicated c) showing various 
mixing ratios. Figure reproduced from Patrick et al. 2014[20] with permission from John Wiley & Sons, Inc. 
 
1.3 Overview of Research 
The goal of this research is to expand the reach of microvascular self-healing systems by 
(1) demonstrating regeneration of large damage volumes in polymers through the development 
of novel healing agents, (2) characterizing the performance of a regenerative polymer system and 
the limitations imposed by surface tension and gravity (3) improving healing agent mixing using 
an air-driven microfluidic approach to enhance delivery of chemical reagents, and (4) calculating 
the level of mixing of two-part healing agents in microvascular systems.  
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 Chapter 2 introduces and classifies healing agents according to their chemical 
functionality and cure progression. The cure time of each chemistry type is determined through 
rheometric measurements. The properties of two-stage dynamic polymers, which possess the 
benefits of both rapidly gelling systems and robust polymer resins, are also characterized. The 
healing performance for manually injected double cantilever beam (DCB) specimens is used to 
screen the adhesive properties of healing agents in fiber-reinforced composites. 
 In Chapter 3, delivery and assessment protocols are developed for regeneration of large 
damage volumes. A rapidly gelling two-stage reagent system allows the healing agent to 
overcome the limitations of surface tension and gravity, which aids in retention of healing agent 
in cylindrical damage geometries. In addition to characterizing the fill process, the regenerative 
performance is assessed for a variety of test configurations. A new technique is introduced for 
measuring the mixing of two-part healing agents. Core-shell nanospheres containing rhodamine 
and fluorescein dyes are synthesized and added to healing agents. A statistical assessment of 
healing agent placement is performed using the Lacey mixing index
[33]
 to reveal the relationship 
between delivery protocol and mixing efficiency. 
 Chapter 4 presents an air-assisted technique for delivering highly mixed two-part healing 
agents through a single channel. Air propels resin and hardener droplets through the vasculature 
where in-situ mixing occurs. The channels do not foul with the mixed reactants, however, 
because the air continuously purges material from the vasculature. Confocal fluorescent 
microscopy is used to image mixing in simulated cracks with 50 μm and 100 μm wide 
separations. Air-assisted reagent propulsion achieves a level of mixing comparable to pre-mixed 
controls and vastly outperforms 2-channel microvascular delivery methods. Additionally, air-
assisted delivery of epoxy-thiol healing agents to double cantilever beam composite specimens 
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results in 3 healing cycles for a given crack length. As a damage event causes rupture, healing 
agent droplets are wicked into the crack plane by capillary forces while the air continues down 
the ruptured channel to keep the channel purged of reactants and allow multiple delivery cycles. 
 After concluding remarks are made in Chapter 5, the appendices present work performed 
in conjunction with dissertation activities. Appendix A presents an automated method for in-situ 
crack length measurements performed on DCB fracture tests and compares these results to 
ASTM D5528.
[34]
 Appendix B describes melt processing and 3D printing of vascular networks 
with poly(lactic acid). Appendix C provides a collection of visually stunning research highlights. 
Appendix D includes a brief discussion on mixing by diffusion and further motivates the need to 
engineer methods to induce mixing of healing agents in self-healing functions. 
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CHAPTER 2
*
 
HEALING AGENTS FOR MICROVASCULAR DELIVERY 
Three potential healing agent chemistries are compared. Physical and chemical 
characteristics are measured for each system to determine surface tension, viscosity, room 
temperature (RT) latency of cure, and glass transition temperature (Tg) properties. Fracture tests 
with double cantilever beam (DCB) specimens are implemented as reference tests to judge the 
efficacy of each system as a potential healing agent for fiber-reinforced polymer matrix 
composites. Epoxy-based systems excel in mechanical tests, but require long cure times whereas 
gels can form rapidly but do not attain adequate mechanical properties for self-healing systems. 
Two-stage materials with independent gel and polymer transitions combine short induction times 
with robust mechanical performance. 
 
2.1 Introduction  
A myriad of polymer chemistries have been investigated to achieve recovery of 
mechanical properties in polymers.
[3]
 Because such a wide field of potential self-healing 
applications exist,
[6, 28, 36-38]
 no single set of standardized requirements or test protocols is 
sufficient to compare the merits or faults of the various healing agents. In addition to the vast 
array of available fracture geometries, experimentalists differ on procedures for healing 
temperature and the period of latency that exists between healing agent delivery and re-fracture 
of healed specimens.
[3, 12, 16-17, 19, 22]
 Furthermore, the surface energy of liquid healing agents is 
largely neglected in the literature even though it has a strong effect on the capillary forces that 
many healing systems depend upon.
[6, 16-17, 19, 39]
 Thorough characterization of the rheological 
                                                 
* Portions of the text and figures presented in this section have been reproduced from published work .[35] Research on two-stage materials was 
conducted in collaboration with graduate students Ryan Gergely and Windy Santa Cruz. 
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properties and fracture performance in a standardized setting provides a useful baseline to 
compare performance and to match healing agents with potential applications. All healing 
chemistries described in this chapter can be formulated as a two-part system such that each part 
is stable until mixing of the parts initiates chemical processes. 
 
2.2 Experimental Methods 
2.2.1 Viscosity and Reaction Time 
Rheological characterization of healing agents was carried out using the 25-mm parallel 
plate geometry on a TA Instruments AR-G2 rheometer running with TRIOS software (TA 
Instruments). Single components, mixtures of fluids (mixed via mini vortexer, Fisher Scientific, 
Catalog Number 02215365), or reagent solutions were deposited on the bottom plate of the 
geometry at a volume of approximately 0.5 mL to correspond to a gap of roughly 1 mm. Parallel 
plate rheometry is reliable method for determining the viscoelastic properties of soft materials, 
i.e. less than 10
6
 Pa. As such, the rheometer was used to characterize the mechanical properties 
of compliant healing agents. For more rigid healing systems, only the time for onset of cure was 
measured. 
 Viscosity of liquid components was determined via rotational rheology. The strain rate 
was swept from 0.1 s
-1
 to 100 s
-1
 over 30 minutes to generate shear stress data over 3 orders of 
magnitude of strain rate. Values for viscosity were calculated from the best-fit slope of linear 
regression performed on plotted data containing shear stress versus strain rate to yield a value in 
Pa*s. Due to the prevalence of centipoise (cps) measurement data represented in industrial data 
sheets and scientific literature, viscosity values are converted to cps (where 1 Pa*s = 1000 cps). 
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The onset of cure for epoxy-based healing agents was determined via rotational rheology 
using a peak hold test methodology whereby a strain rate of 1 s
-1
 was applied constantly to the 
test liquids and the viscosity was recorded every 20 s. The test was automatically terminated 
when solution viscosity reached a value of 100 Pa*s (100,000 cps). The onset of cure was 
determined using TRIOS software by taking the intersection of lines drawn tangent before and 
after the viscosity began to increase (Figure 2.1). 
 
 
Figure 2.1: Onset of polymerization (tp) as determined by the intersection of tangent lines for viscosity versus time 
rheometer data. 
 
 Gelation was mechanically observed for two-stage polymers during oscillatory tests as 
indicated by the crossover point of G” and G’. Fast gel times (30 s to ~8 min) could not reliably 
be recorded due to the time needed to load a sample and begin a test on the rheometer. Instead, 
values recorded for the gel transition for two-stage polymers were instead measured by tabletop 
rheology.
[40]
 Gel time for two-stage polymers (t1) was determined by lack of viscous flow during 
inversion of a 10 mm cylindrical vial and measured via a stopwatch. The polymerization times 
(~0.5-3 hrs) for two-stage healing agents could, however, be reliably measured via oscillatory 
 15 
 
rheology. Time sweep tests were performed at a strain of 0.1% and frequency of 1 Hz. Polymer 
onset for two-stage polymers (t2) was determined from the peak of tan δ: 
"
tan
'
G
G
                                                               (2.1) 
where G” is the loss modulus for oscillatory shear experiments, and G’ is the storage modulus 
for oscillatory shear experiments (Figure 2.2). 
 
 
 Figure 2.2: Onset of polymerization (t2) as determined by the peak of tan δ. Figure reproduced from White et al. 
2014 [35] with permission from The American Association for the Advancement of Science. 
 
2.2.2 Elastic Modulus and Tg 
Dynamic mechanical analysis (DMA) was used to obtain elastic modulus values for 
cured healing agents. Experiments were performed with a TA Instruments RSA III equipped 
with a monofilament fiber/film tension geometry. Sheets of material 0.5 mm thick were created 
via cell casting. After the designated cure cycle, samples were cut from the sheet to yield 
dimensions roughly 0.5 mm x 30 mm x 3 mm for epoxy-based samples and 0.5 mm x 30 mm x 5 
mm for two-stage polymer. Frequency sweep tests were conducted to obtain elastic modulus (E’) 
data for the range of 0.1 to 100 Hz. Temperature sweep tests were conducted from -20° C to 100° 
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C with a ramp rate of 5° C per minute and a frequency of 1 Hz. The Tg was identified as the peak 
of tan δ (Equation 2.1) using E’ as the storage modulus and E” as the loss modulus. 
 
2.2.3 Tate’s Law Drop Test 
Surface energy of healing agents was determined via the drop-weight method.
[41-43]
 Tate’s 
Law (Equation 2.2) describes the relationship between the surface tension and the weight of a 
drop that detaches from the bottom side of a vertically oriented cylinder under the influence of 
gravity:  
2mg r                                                         (2.2)  
where m is the mass of the drop that separates from the cylinder, g is the gravitational constant, r 
is the radius of the deposition cylinder, σ is the surface tension of a test fluid, and ψ is the 
Harkins-Brown correction factor. The Harkins-Brown correction factor is given by:
[42]
  
1
1/3 1/3
1
0.14782 0.27896 0.166
2
r r
V V



    
      
    
                             (2.3) 
where V is the volume of the drop that separates from the cylinder.  
A test fixture was fabricated consisting of a 2 mm diameter cylinder with two 590 μm 
diameter channels machined along the axis of the cylinder with a center-to-center spacing of 630 
μm (Figure 2.3). A syringe tip was inserted into one of the channels and a series of non-reactive 
fluids with published surface tension and density data (pentane, 2-hydroxyethyl methacryalte, 
dimethyl sulfoxide, ethylene glycol, glycerol, water), were used to verify that the test conformed 
to Tate’s Law.[44-45] Test fluids were allowed to drip from the test fixture under constant pressure. 
The fixture was suspended over an analytical balance (XS204 DeltaRange®, Mettler Toledo) 
that recorded mass data continuously. At least 5 drops were used to determine the average mass 
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of a detached droplet. The average drop mass was used to calculate the surface tension from 
equations 2.2-2.3. A series of delivery pressures 1–50 kPa were tested to confirm that the drip 
mass was independent of pressure. 
 
 
Figure 2.3: Drop mass test fixture for determining surface energy of test fluids. Figure adapted from White et. al. 
2014.[35] 
 
In order to confirm two-stage polymers surpass the limitations of surface tension, a 
modified drop test was performed to determine the pendant mass of deposited healing agents. 
Equation 2.2 can be rewritten as:  
P
m
V C

 
  , with 
2 r
C
g
 
  
 
                                           (2.4) 
where VP is the volume of the pendant drop just before detachment, ρ is the density of the test 
fluid, and C is the slope of the theoretical Vp vs. σ/g line. Each part of the two-part solutions was 
delivered through separate channels (Figure 2.4). Gel with various concentrations were tested 
using a pumping scheduling consisting of 1 s pulses delivering 1 μL pulses of each fluid in an 
alternating fashion. The pulses for each liquid were spaced 3 s apart and a 15 s period of delay 
was observed after each pulse had been delivered to give an overall cycle time of 20 s. Gel began 
to form and deposit on the bottom of the test cylinder as the test progressed. The experiment was 
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allowed to continue until the deposited solid mass detached from the fixture under the influence 
of gravity. The detached mass was recorded as the droplet mass for the test.  
 
 
Figure 2.4: Drop mass test fixture for determining deposition mass of test two-stage healing agents. Figure 
reproduced from White et al. 2014 [35] with permission from The American Association for the Advancement of 
Science. 
 
2.2.4 Reference Healing Efficiency 
Double cantilever beam (DCB) specimens were implemented to test the maximum 
theoretical healing efficiency of healing agents (Figure 2.5). A detailed description of the 
experimental procedures related to DCB fabrication and fracture is given in Appendix A. DCB 
specimens were constructed 150 mm total length, with a 60 mm pre-crack region and a 90 mm 
fracture region. Specimens were fractured to a total crack length of 120 mm (60 mm pre-crack 
and 60 mm virgin fracture) and injected with 500 μL of pre-mixed healing agent while the DCB 
was held at maximum displacement. After unloading, samples were clamped with blinder clips 
and allowed to cure at the designated time and temperature before re-fracturing the sample. 
 19 
 
 
 
Figure 2.5: The double cantilever beam (DCB) test geometry. a) Schematic DCB with labeled test variables. b) 
Photograph of DCB sample undergoing fracture test. 
 
 Healing efficiency was calculated using the area method for mode-I strain energy release 
rate (GIc) outlined by Patrick et. al.
[20]
 which presents the format: 
Ic
U
G
b a



                                                               (2.5) 
where ΔU is the change in internal work or strain energy due to elastic bending in the cantilever 
arms, b in the specimen width and Δa is the change in total crack length. This calculation of GIc 
(i.e. crack growth resistance) was derived from first energy principles as the area under the load-
displacement curve at a particular incremental crack length (Δa): 
0
| aU Pd

                                                            (2.6) 
where P is the applied load and δ is the crosshead displacement. Healing efficiency (η) was 
previously defined
[46-47]
 as the ability of a healed sample to recover crack growth resistance: 
Healed
Ic
Virgin
Ic
G
G
                                                              (2.7) 
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Because the specimen width and incremental crack length where equivalent for the virgin 
fracture and the healed fracture, the area method healing efficiency definition (ˆ ) reduced to the 
following expression for the ratio of areas under the load–displacement curves: 
ˆ
Healed
Virgin
U
U




                                                           (2.8) 
 In many experimental cases, the force required to fracture a healed specimen was greater 
than that of the virgin sample. As such, the crack front in healed specimens advanced rapidly 
once the crack reached the end of the healed material. Arresting the crack in the exact same 
position for virgin and healed specimens was not possible. The area method for healing 
efficiency requires that the same crack length (Equations 2.6 and 2.8) be applied to both virgin 
and healed specimens. The load-displacement data for healed specimens that overshot the virgin 
crack length were manually truncated in order to match the slope of the unloading curve from the 
virgin specimen. Without this correction, artificially high healing efficiencies were calculated. 
 
2.3 Epoxy-Based Healing Agents 
2.3.1 Epoxy-Amine Systems 
Epoxy resins are frequently composed of two-part systems generically described as “resin” 
and “hardener” components. Many types of epoxide/hardener combinations exist, but epoxy-
amine systems dominate the self-healing literature as both structural components and healing 
agents.
[2, 11-12, 17, 20, 39]
 Amine curing agents cross-link epoxy resins by opening the epoxide ring 
as it reacts with the amine hydrogens (Figure 2.6).
[32]
 Primary amines are consumed first 
followed by secondary amines. Etherification of unreacted epoxides occurs much more slowly 
and may only be in present in systems with excess epoxides. As curing occurs due to the forming 
crosslinks, the Tg of the resin system gradually increases. When Tg approaches the cure 
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temperature, the reaction of amines and epoxides becomes diffusion-limited rather than 
kinetically limited. In order to consume all of the amines and attain a higher Tg, epoxy resins are 
often post-cured at high temperatures. 
 
 
Figure 2.6: Reaction process for diepoxy-diamine healing agent system. a) Reaction of a primary amine and epoxide 
ring. b) Reaction to a secondary amine and epoxide ring. c) Etherification of epoxide rings. Adapted from 
Vanlandingham et. al. 1999.[32] 
 
 The commercially available epoxy-amine system of EPON 8132 (HEXION) and 
EPIKURE 3046 (HEXION) is a successful 2-part microvascular healing agent in the literature.
[11, 
17, 20]
 EPON 8132 consists of diglycidyl ether of bisphenol A (DGEBA) diluted with an alkyl 
glycidyl ether and EPIKURE 3046
†
 consists of an aliphatic triethylenetetramine (TETA). EPON 
8132 possesses a viscosity of 740 cps and a surface energy of 36.5 ± 0.2 dynes/cm. EPIKURE 
3046 possess a viscosity of 310 cps and a surface energy of  34.5 ± 0.2 dynes/cm. Patrick et al. 
reported data pertaining to degree of cure for stoichiometric mixtures of EPON 8132 and 
EPIKURE 3046 at RT and 30 °C cure conditions, showing a perceptibly faster reaction rate for 
the higher cure temperature (Table 2.1).
[20]
  
                                                 
† Both EPON 8132 and EPIKURE 3046 were obtained from Momentive and used as received. 
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Table 2.1: Degree of cure as determined by Differential Scanning Calorimetry (DSC) for EPON 8132-EPIKURE 
3046 system mixed at stoichiometric ratio (2:1 Resin:Hardener by volume). Data reproduced from Patrick et. al. 
2014[20] with permission from John Wiley & Sons, Inc. 
 
Cure Time 
(Hours) 
Degree of Cure  
(%) 
 RT 30° C 
24 63 78 
48 78 88 
72 83 92 
168 88 95 
 
Further analysis was performed to investigate the effect of cure conditions (and thus, 
degree of cure) on healing agent properties. Rheological characterization of EPON 8132-
EPIKURE 3046 was conducted at 25 °C and 30 °C and the onset of polymerization was 
determined as 390 and 360 minutes, respectively. DMA data varied with cure time. Temperature 
sweep data (Figure 2.7) for samples cured at 30 °C reveal Tg values of 43 ± 1 °C and 50 ± 1 °C 
for cure times of 48 and 168 hours, respectively. The corresponding room temperature elastic 
modulus was 0.57 ± 0.08 GPa and 1.03 ± 0.06 GPa for 48 and 168 hour cure times, respectively. 
Samples cured for less than 48 hours at 30 °C deformed during sample loading and were too soft 
to test by the same methodology.   
Fracture testing of DCB specimens before and after manual injection of EPON 8132-
EPIKURE 3046 into the crack plane provided a reference of the theoretical maximum healing 
efficiency performance of the healing agent. Fracture resistance differed greatly as the healing 
agent cure conditions changed (Figure 2.8). Because epoxy resins were delivered under ideal 
conditions (perfectly mixed in stoichiometric proportions and in volumetric excess), fracture 
results represent an optimum case for healing agent delivery. 
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Figure 2.7: Dynamic Mechanical Analysis (DMA) temperature sweep at 1 Hz for EPON 8132-EPIKURE 3046 
healing agent epoxy-amine system cured at 30 °C for 48 and 168 hours. 
 
 The tabulated data for all (3) test replicates for each cure condition are given in Table 2.2. 
Healing agents cured under the 24 hour room temperature condition failed to restore full fracture 
toughness to the system. In great contrast, the 48 hour 30 °C condition resulted in the highest 
healed fracture toughness. Samples that healed for 168 hours at 30 °C did not perform as well as 
the 48 hour cure condition although fracture toughness values did surpass the virgin fracture 
toughness values.   
Despite a higher degree of cure (Table 2.1) and modulus (Figure 2.5), the fracture 
performance of EPON 8132-EPIKURE 3046 decreased slightly as healing time increased from 
48 hours to 168 hours. Healing assessments should be performed with respect to the final cure 
state of the healing chemistry. Relatively small (5 °C) fluctuations in temperature can cause 
significant changes to cure rate, and thus, fracture performance for a given healing time. 
 
 24 
 
 
Figure 2.8: Fracture data for reference DCB tests. a) Representative load-displacement curve and crack length 
measurement for a virgin specimen. b) – d) Virgin and reference healed fracture data for representative specimens 
containing EPON 8132-EPIKURE 3046 healing agents cured at 24 hrs RT, 48 hours 30 °C, and 168 hrs 30 °C cure 
conditions, respectively. 
 
Table 2.2: Reference theoretical maximum healing efficiency results for DCB specimens and EPON 8132-
EPIKURE 3046 healing agent chemistry. The error represents the standard deviation of all replicates (n=3) 
performed for each test condition. 
 
Cure Condition 
Virgin GIC 
(J/m
2
) 
Healed GIC  
(J/m
2
) 
Healing Efficiency 
(ˆ ) 
24 hours, RT 410 ± 10 110 ± 10 28 % 
48 hours, 30 °C 440 ± 20 800 ± 60 180 % 
168 hours, 30 °C 510 ± 10 700 ± 80 137 % 
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2.3.2 Epoxy-Thiol Systems 
Thiols are another important category of epoxy resin “hardeners.” Selected for their rapid 
reaction kinetics, thiol-based chemistries are candidates for electronic, optical, and biomedical 
applications.
[48-49]
 As with amines, thiols cross-link epoxy resins as the epoxide rings are opened 
by the thiol hydrogen (Figure 2.9).
[50]
 Reaction kinetics are accelerated with the addition of an 
amine catalyst.
[51]
 Epoxy-thiol and thiol-isocyanate chemistries have been successfully 
implemented into capsule-based self-healing materials,
[52-53]
 but have not yet been applied to 
microvascular systems. 
 
 
Figure 2.9: Generic thiol-epoxy reaction. In the presence of an amine catalyst, the thiol hydrogen opens the epoxide 
ring. 
 
 Healing agent viscosity, surface tension, cure rate, and final mechanical properties are 
tunable by careful selection of resin, curing agent, and catalyst components. An exhaustive study 
of all options is not possible due to resource constraints, but a small series of possible healing 
agent formulas was investigated for microvascular self-healing applications (Figure 2.10
‡
). All 
healing agent formulas were investigated at stoichiometric ratios to ensure maximum monomer 
conversion took place. All formulas were cured for 24 hours at room temperature before 
undergoing mechanical testing. Additional cure time (8 hours) at elevated temperatures (80 °C) 
did not yield any detectable change to the modulus or Tg of any of the epoxy-thiol systems tested. 
Surface tension and viscosity were measured for each of the individual epoxide, thiol, 
and catalyst components (Table 2.3). A glass transition temperature (Tg), storage modulus (E’), 
                                                 
‡ Diglycidyl ether of bisphenol A (EPON 828) was obtained from Momentive; 1,4-butanediol diglycidyl ether 
(Epodil 750) was obtained from Air Products; N,N-diglycidyl-4-glycidyloxyaniline (DGOA), trimethylolpropane 
triglycidyl ether (TETE), pentaerythritol tetrakis(3-mercaptopropionate) (tetrathiol), N,N-dimethylbenzylamine 
(catalyst 1), and (dimethylaminomethyl)phenol (catalyst 2) were obtained from Sigma-Aldrich and used as received. 
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and mode I fracture energy (GIC) were determined for three different epoxy-thiol formulas after a 
24 hour RT cure (Table 2.4). Each formulation consisted of tetrathiol curing agent, 1.0 wt% 
catalyst 2, and one of the three resin components: EPON 828 + Epodil 750 blend (75 wt% Epon 
828 with 25 wt% Epodil 750 added as a reactive diluent to reduce viscosity), DGOA, or TETE. 
Despite achieving the highest Tg and modulus, DGOA resin was outperformed in the healing test 
by the EPON 828 + Epodil 750 blend. TETE recorded the lowest Tg, modulus, and GIC values. 
 
 
Figure 2.10: Epoxy-thiol healing agent components. a) - c) Epoxy resin constituents. For resin a) EPON 828 and 
Epodil 750 were blended in at 75-25% ratio by weight. d) Thiol curing agent. e) – f) amine catalysts 
 
 Despite excellent RT fracture characteristics, the EPON 828 + Epodil 750 healing agent 
may be problematic for higher temperature applications due to its low (28 °C) Tg.  To investigate 
the possibility of increasing Tg, DGOA was added to the EPON 828 + Epodil 750 formula to 
determine the effect on RT mechanical properties and fracture performance (Table 2.5). Tg 
increased with higher amounts of DGOA whereas RT fracture performance decreased. 
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Table 2.3: Viscosity and surface tension values for epoxy-thiol healing agent components. The EPON 828 + Epodil 
750 combination was composted of 75 wt% EPON 828 and 25 wt% Epodil 750. 
 
 
Component 
Viscosity 
(cps) 
Surface Tension 
(dyn/cm) 
Resins and 
Diluents 
EPON 828 19,500 49.8 ± 0.2 
Epodil 750 20 41.9 ± 0.1 
EPON 828 + Epodil 750 680 46.9 ± 0.1 
DGOA 740 52.2 ± 0.3 
TETE 170 42.4 ± 0.2 
Curing Agent 
and Catalysts 
Tetrathiol 490 52.4 ± 0.1 
Catalyst 1 2 30.5 ± 0.1 
Catalyst 2 40 38.4 ± 0.3 
 
Table 2.4: Mechanical properties and reference healing performance for epoxy-thiol healing agent formulas. In 
addition to the epoxide resin component listed below, a stoichiometric proportion of tetrathiol and 1 wt% catalyst 2 
was added to complete the healing agent. 
 
Healing Agent Formula 
Tg 
(°C) 
E’ 
(GPa) 
Virgin GIC 
(J/m
2
) 
Healed GIC  
(J/m
2
) 
Healing 
Efficiency 
(ˆ ) 
EPON 828 + Epodil 750 28 ± 1 0.15 ± 0.03 400 ± 10 810 ± 20 203 % 
DGOA 50 ± 1 2.1 ± 0.1 410 ± 10 300 ± 20 74 % 
TETE 0 ± 1 0.013 ± 0.001 400 ± 10 90 ± 10 21 % 
  
Table 2.5: Mechanical properties and reference healing performance for epoxy-thiol healing agent systems. Resin 
components were formulated as EPON 828 + Epodil 750 blend with added DGOA content as per the percentages 
shown. A stoichiometric proportion of tetrathiol and 1 wt% catalyst 2 was added to complete the healing agent. 
 
Healing Agent 
Formula 
Tg 
(°C) 
E’ 
(GPa) 
Virgin GIC 
(J/m
2
) 
Healed GIC  
(J/m
2
) 
Healing 
Efficiency 
(ˆ ) 
10 wt% DGOA 29 ± 1 0.19 ± 0.04 420 ± 10 710 ± 30 171 % 
25 wt% DGOA 33 ± 1 0.88 ± 0.10 440 ± 30 600 ± 60 134 % 
50 wt% DGOA 38 ± 1 1.9 ± 0.1 430 ± 40 310 ± 30 73 % 
  
DGOA-tetrathiol healing agents with 1 wt% catalyst 2 were tested at elevated 
temperatures to determine healing performance. Modulus (E’) data was extracted from 
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temperature sweep DMA data and fracture data was obtained using an Instron 4483 equipped 
with a convection thermal chamber while maintaining a loading rate of 5 mm/min. Sample 
temperatures were allowed to equilibrate in the chamber for 15 minutes prior to beginning 
fracture experiments. After the virgin fracture was conducted at elevated temperature, healing 
agent was injected into the crack plane, the DCB was clamped, and a 24-hour room temperature 
cure was observed. As expected, the virgin fracture resistance remained relatively constant with 
temperature due to the high Tg of the composite matrix (Araldite/Aradur 8650, Huntsman, Tg ~ 
150 °C). Surprisingly, fracture resistance for the healed experiments also remained relatively 
constant from 30 °C to 60 °C even though the Tg of the healing agent was below the test 
temperature. Healing performance did drop off sharply at 100°C (Table 2.6). Although additional 
studies and thermal analysis are required to fully understand healing agent performance, these 
data indicate Tg and E’ alone are not adequate variables to screen healing chemistries. 
 
Table 2.6: Mechanical data for DGOA-tetrathiol healing agents with 1 wt% catalyst 2 used as a curing agent. 30 °C 
and 45 °C test cases contain 3 replicates, the 60 °C case contains 2 replicates, and the 100 °C test case only contains 
1 replicate. 
 
Fracture Temperature 
(°C) 
E’ 
(GPa) 
Virgin GIC 
(J/m
2
) 
Healed GIC  
(J/m
2
) 
Healing 
Efficiency 
(ˆ ) 
30 1.98 ± .03 518 ± 40 420 ± 20 84 % 
45 .30 ± .02 490 ± 10 440 ± 30 91 % 
60 .036 ± .003 500 ± 20 430 ± 20 86 % 
100 .038 ± .002 480 100 21 % 
 
Of the epoxy-thiol healing agents investigated, the EPON 828 + Epodil 750 blend with 
tetrathiol curing agent demonstrated the most superior fracture performance in the DCB 
geometry. As such, this resin chemistry was chosen for further study on the selection of a tertiary 
amine catalyst. Two catalysts were considered, namely N,N-dimethylbenzylamine (catalyst 1), 
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and (dimethylaminomethyl)phenol (catalyst 2). Weight percent of catalyst was varied in EPON 
828 + Epodil blend-tetrathiol stoichiometric mixtures and measured for the onset of 
polymerization. Catalyst 1 resulted in significantly faster onset times than catalyst 2 for the same 
catalyst loading (Table 2.7). 
Table 2.7: Polymerization onset for various catalyst loadings. 
 
Catalyst 1 
Loading 
Polymerization Onset  
(minutes) 
 
Catalyst 2 
Loading 
Polymerization Onset 
(minutes) 
0.2 wt % 240  0.2 wt % 846 
1 wt % 37  1 wt % 164 
1.5 wt % 30  1.5 wt % 152 
5 wt % 16  5 wt % 42 
10 wt % 14  10 wt % 25 
20 wt % 14  20 wt % 19 
 
 Epoxy-thiols have potential as healing agents in microvascular systems due to their low 
viscosities. The thiol chemistry can be formulated with viscosity and fracture resistance 
performance similar to epoxy-amine systems while exhibiting much faster reaction kinetics. 
Although Tg is lower for epoxy-thiol systems, fracture resistance remains unchanged well above 
room temperature and even above Tg.  
 
2.4 Gel-Forming Healing Agents 
Self-healing hydrogels
[54-55]
, and organogels
[56-57]
 comprise a broad class of intrinsic self-
healing materials with reversible bonds that reform when fracture surfaces come into contact. In 
the sol state, gels are readily compatible with microvascular delivery techniques. Additionally, 
gelation can occur very rapidly in some chemical systems, which is attractive for generating a 
rapid healing response. Preliminary investigations explored PVA-Borate gel as a healing agent. 
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PVA-Borate gel forms through weak covalent crosslinking of poly(vinyl alcohol) (PVA) 
polymers with borate anions (Figure 2.11a). Low concentrations of borate (0.08−0.3 M) instantly 
crosslinks and gels aqueous PVA solutions through formation of a didiol complex.
[58]
 The 
gelation is also pH reversible which makes possible the controlled deposition or removal of the 
material.  
PVA (98% hydrolyzed) and boric acid were obtained from Sigma-Aldrich. Oscillatory 
rheology revealed higher concentrations of borate increase the modulus of the gel by increasing 
the crosslink density (Figure 2.11b). While the elastic (storage) modulus reached modest values 
of ~10
4
 Pa, the bonds were highly dynamic causing G” to be comparatively large. As a result, the 
PVA-Borate gels did not hold their shape over time, but resisted wetting and viscous flow over 
relatively short (minutes) timescales. 
 
Figure 2.11: PVA-Borage gel system. a) Gel formation is the result of the formation of the didiol complex. b) 
Stiffness of the gel increases as the concentration of borate “crosslinker” increases. 15 wt% PVA solution used, Mw 
31,000-50,000, 98-99% hydrolyzed 
 
 Although instant gelation may seem like an attractive attribute for a healing agent, the 
lack of an induction time presents a challenge for microvascular delivery. When delivered 
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through parallel vascular channels, gelation occurs at the contact interface and further gelation of 
healing agents is limited by diffusion
§
 since the gel interface prevents mixing (Figure 2.12a). 
One solution to achieving complete gelation is to deliver both components through a single 
central channel with an immiscible carrier fluid present to keep fluids separate until exiting the 
vascular network (Figure 2.12b). Since both PVA and Borate are aqueous solutions, mineral oil 
proved effective in keeping reactive solutions separate until exiting the channel upon which 
complete gelation of adequately mixed healing agents occurred (Figure 2.12c). 
 
 
Figure 2.12: PVA-Borate microvascular delivery. a) Parallel microvascular networks result in incomplete gelation 
because mixing becomes diffusion-limited after a gel interface forms (scale bar = 10 mm). b) Schematic of 
microfluid device in which an immiscible carrier fluid separates reactants until exiting the vasculature. c) Successful 
delivery and gelation of PVA-Borate using mineral oil as an immiscible carrier fluid. Viewed top-down (scale bar = 
5 mm). 
 
Even though gelation causes a near-instantaneous increase in stiffness compared to the 
sol state, gels alone consist mostly of liquid and are too weak to restore stiffness or fracture 
resistance in structural applications. Furthermore, the liquid portion of the gel may eventually 
dry out, resulting in shrinkage or weakening. Self-healing applications require healing agents that 
attain a stable final state with mechanical properties similar to the virgin state, making gels a 
poor choice. 
 
                                                 
§ A brief discussion of mixing by diffusion is presented in Appendix D. 
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2.5 Two-Stage Polymer Healing Agents 
Gels are able to rapidly respond to damage by increasing stiffness by several orders of 
magnitude in seconds, but lack the strength or rigidity for structural applications. In contrast, 
many polymer resins systems such as epoxy-amine or epoxy-thiol chemistries obtain excellent 
mechanical properties when fully cured, but the onset of polymerization can take minutes to 
hours. In order to leverage the benefits of both systems, a new class of liquid healing agents was 
developed in which the reagents undergo two independent rheological transitions.
[35]
  
 The two-stage polymer chemistry
**
 is accomplished through catalyzed gelation of liquid 
monomer and followed by bulk polymerization to a structural solid. The reactive monomer 
solutions begin as stable, low-viscosity sol (time t0), until damage-triggered release initiates the 
chemical processes. A relatively fast gel stage (time t1, from 30 s to a few minutes) creates a 
semisolid scaffold which is interpenetrated by liquid monomers. Gelator A, a bis-acylhydrazine–
terminated poly(ethylene glycol), and B, a tris[(4-formylphenoxy)methyl]ethane, form a cross-
linked network of dynamic acylhydrazone bonds through acidcatalyzed condensation (structures 
are provided in Figure 2.13.
[56]
 This chemistry is capable of gelling a wide range of organic 
liquids, including acrylic and thiol-ene monomers. Monomer gelation accomplishes the need to 
fill gaps stemming from mass loss, and conversion to polymer completes the restoration process. 
Polymerization kinetics on a time scale > t1 (hours) avoids premature stiffening of the restored 
material. Room-temperature polymerization is achieved with judicious choice of radical 
initiators, promoters, and inhibitors. 
The properties of the structural polymer were tailored by selection of two different 
monomers. In the first system, polymerization of 2-hydroxyethyl methacrylate (HEMA) was 
                                                 
** All raw materials were obtained from Sigma-Alrich and used as received. Gelator synthesis was performed by 
Windy Santa Cruz and detailed instructions are published in White et al. 2014.[35] 
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initiated by a radical redox reaction between methyl ethyl ketone peroxide (MEKP) initiator and 
cobalt naphthenate (CoNp) promoter.
[59]
 In the second system, liquid thiol-ene agents 1,3-
glyceryl dimethacrylate and trimethylolpropane tris(3-mercaptopropionate) react to form a 
thermosetting material. Monomers were selected to fulfill a stringent set of requirements, 
including high boiling point, non-wetting properties, low viscosity, favorable cure kinetics, and 
the ability to dissolve gelators. The reagents required for each system were mutually compatible 
with the reagents for gelation chemistry. Independently tunable chemical triggers selectively 
controlled the rates of both gelation and polymerization. Both systems were divided into two 
separate, stable solutions with one solution containing liquid monomer(s) gelator A, gel catalyst, 
and polymerization promoter; and the second solution containing liquid monomer(s), an off-
stochiometry proportion of gelators a and b, and the polymerization initiator.  
Oscillatory rheology confirmed the separate occurrence of gelation and polymerization 
stages as well as the ability to regulate the reaction kinetics of each stage (Figure 2.14a-2.14c). 
Figure 2.14a shows the evolution of storage (G’) and loss (G’’) moduli of a 12 wt % gelator 
solution in HEMA. The first plateau of G’ reflects monomer gelation to a ~104 to 105 Pa semi-
solid. Onset of the gel stage (t1) was defined as the crossover of G’ and G’’. The second modulus 
plateau, several orders of magnitude higher, reflects a slower transformation from gel to 
structural polymer. Polymerization onset (t2) is designated as the peak of the loss factor (tan δ = 
G’’/G’) (Figure 2.2). Rates of gelation and polymerization are largely independent, which 
enables precise control of t1 and t2 by varying the concentrations of catalyst for the gelation 
reaction and initiators for the polymerization reaction. Plots of the time scales of staged 
transitions for the HEMA example are shown in Figure 2.14b and 2.14c. Gelation rate is 
dependent on catalyst concentration. Control of polymerization is achieved by varying promoter 
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concentration in an inert environment. However, free-radical polymerizations of acrylates are 
sensitive to atmospheric oxygen. In contrast, the thiol-ene thermoset chemistry is oxygen-
tolerant and cures in aerobic environments. Thiol-ene polymerizations are fast and have been 
known to cure without the use of initiators.
[48]
 To allow sufficient time for gel formation, the 
radical inhibitor cupferron was used to slow the polymerization rate.
[60-61]
 The ability to tune the 
rates of two-stage restorative system enables adaptation to a wide variety of damage geometries. 
 
 
Figure 2.13: Chemical components for two-stage polymer systems. Figure reproduced from White et al. 2014 [35] 
with permission from The American Association for the Advancement of Science. 
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Figure 2.14: Characterization of the two-stage process. Solutions contain gelators in HEMA (monomer) with 
dichloroacetic acid (catalyst), methyl ethyl ketone peroxide (initiator), and cobalt naphthenate (promoter). a) 
Rheological properties of the restorative reagents over time display both the fast formation of the organogel (t1, 
seconds to minutes), and slower reaction rate to polymer (t2, hours) controlled by the concentrations of chemical 
triggers. b) Control of gel-stage kinetics by varying catalyst concentration (1.5 wt% initiator, 0.1 wt% promoter). 
c) Control of polymer stage kinetics by varying promoter (2 v/v% catalyst, 1.5 wt% initiator). d) Volume deposited 
by using restorative gel chemistry (HEMA gel, 2 v/v % catalyst, no initiator or promoter). Tate’s Law describes the 
limiting volume of a nonreactive fluid that can be retained with surface tension; standard test fluids confirm this 
relationship (1, pentane; 2, HEMA; 3, dimethyl sulfoxide; 4, ethylene glycol; 5, glycerol; and 6, water). The inset 
optical image on the left shows the volume deposited by 12 wt% gelators, whereas the inset optical image on the 
right shows water test fluid. Scale bars, 5 mm. Figure reproduced from White et al. 2014 [35] with permission from 
The American Association for the Advancement of Science. 
 
 Gelation allows deposition of material beyond that which is dictated by surface tension 
alone. When damage size exceeds a certain threshold, surface tension is insufficient to retain 
unreacted fluid, and gravity pulls it out of the damage zone. The boundary between surface 
tension and gravity-dominated regimes (described by Tate’s Law and the drop-weight method of 
analysis) (Figure 2.4)
[41-43]
 is validated with standard test fluids (Figure 2.14d). In contrast to 
these nonreactive fluids, the gel deposition volume exceeds that expected from Tate’s Law by 
over an order of magnitude. Two formulations containing different gel fractions are plotted, with 
the greater gel fraction producing a larger deposition volume. Both gel concentrations are tested 
three times; the average is reported with error bars representing the high and low values of these 
three deposition tests. The increase in volume retained over nonreactive fluids is due to the 
mechanical support of the in-situ gel formation. If gelation and deposition occur on the same 
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time scale, the growing material is no longer retained by the surface tension of the fluid alone; it 
is also retained by the cohesion of the restored material and its adhesion to the deposition surface. 
The fracture energy of the thermoplastic two-stage polymer healing agent (HEMA monomer, 12 
wt% gelators, 2 v/v% catalyst, 1.5 wt% initiator, 0.1 wt% promoter) was measured and the 
average healed GIC was 210 J/m
2
 for two replicates. DMA temperature sweep revealed a Tg of 
approximately 96 °C and a room temperature modulus of 1.08 GPa. 
 
2.6 Summary 
Three classes of healing agents are introduced as possible candidates for microvascular 
applications.  Epoxy-amine systems have the greatest heritage in self-healing literature and 
provide solid mechanical performance, although healing times may range up to a week. Thiol-
cured epoxy systems achieve comparable mechanical performance with a faster cure time, but 
sacrifice temperature stability. Gel based healing agents have rapid response times, but do not 
possess any mechanical strength. Two-stage polymer systems gel after a short induction time and 
polymerize into robust materials to form a compromise between the polymer resins and gels. 
Table 2.8 provides a brief summary of the healing agent chemistries discussed. 
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Table 2.8: Physical and mechanical properties for two-part healing agent chemistries. 
 
Chemistry 
Two-Part 
Components 
Cure 
Schedule 
Viscosity 
(cps) 
Surface 
Tension 
(dyn/cm) 
Polymerization 
Onset 
(min) 
Modulus 
(GPa) 
Tg 
(°C) 
Healed 
GIC 
(J/m2) 
Epoxy- 
Amine 
EPON 8132 
48 hrs, 30 °C 
740 36.5 
360 0.57 43 800 EPIKURE 
3046 
310 34.5 
Epoxy- 
Thiol 
EPON 828+ 
Epodil 750 
(75 + 25 wt%) 24 hrs, RT 
680 46.9 30 
(1.5 wt% 
Catalyst 1) 
0.15 28 810 
Tetrathiol 490 52.4 
1. The 25 mm parallel plate geometry is not sensitive enough to reliably measure viscosity below 10 cps. 
2. As determined by oscillatory rheology. The gel is too soft for DMA tensile analysis. 
3. Solutions contain HEMA monomer, 12 wt% gelators, 1.5 wt% intiator, 0.15 wt% promoter, and 2 v% 
catalyst.  
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CHAPTER 3
††
 
REGENERATION OF LARGE-SCALE DAMAGE 
Two-stage polymer solutions are used to achieve volumetric and functional recovery of 
large-scale damage volumes. A through-thickness cylindrical damage diameter is introduced to a 
vascularized epoxy substrate. The damage volume is filled by the two-stage healing agent and 
the volumetric recovery performance determined by the maximum fill size attained compared to 
non-gelling controls. A series of sample configurations are tested to determine the effect of 
vascular network, delivery, and geometric parameters and fill size. A protocol is developed to 
measure the mixing efficiency of two-part fluids. Mechanical recovery is tested via a pressure 
seal test and an analysis of impact energy absorbance. 
 
3.1 Introduction 
Biological systems rely upon vascularization and recruitment of stem cells for repair and 
regeneration of damaged tissue.
[62-64]
 In contrast, engineering materials are generally avascular, 
with a limited ability to self-heal.
[1, 65]
 A variety of repair strategies exist for microscopic defects 
and cracks,
[2, 6, 66-68]
 but prior to this work, autonomous restoration of materials that suffer large-
scale damage and associated mass loss had not been accomplished.
[69]
 Volumetric restoration 
requires overcoming the interplay of mass transport, environmental factors, intrinsic forces (such 
as surface tension), and extrinsic forces (such as gravity) that act on liquid reagents and the 
chemical reactions associated with damage repair.  
A concept for restoration of structural materials is illustrated in Figure 3.1. The strategy is 
predicated on the delivery of reactive fluids through two independent vascular networks to the 
                                                 
†† Portions of the text and figures presented in this section have been reproduced from published work .[35] 
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site of damage. Events that lead to substantial mass loss (such as ballistic impact) trigger release 
of fluids, subsequent mixing, and initiation of the restoration process. A reactive system that 
progresses from liquid to gel (gel stage) and gel to polymer (polymer stage) is hypothesized to 
deliver low-viscosity fluids to the site of damage, initially resulting in a shape-conforming yet 
self-supporting viscoelastic scaffold. Addition of new material proceeds until the damaged 
region is fully filled and complete replacement of lost mass is achieved. Transformation of the 
gel into a stiff polymer then allows for recovery of the mechanical properties of the original 
material. Both stages of the two-stage chemistry are necessary to achieve regeneration. 
 
 
Figure 3.1: Characterization Two-stage restoration strategy. Reactive monomer solutions are incorporated into a 
vascularized specimen (blue and red channels). Time t0, impact damage initiates fluid release into the damage region. 
Time t1, gel stage (purple) occurs by covalent cross-linking of gelators A and B with an acid catalyst. Deposition of 
fluid and subsequent gelation continues until the void is filled. Time t2, the polymer stage (green) follows by using a 
two-component initiation for monomer polymerization, resulting in recovery of structural performance. Chemical 
structures and characterization the two-stage healing agent is presented in section 2.5. Figure reproduced from White 
et al. 2014 [35] with permission from The American Association for the Advancement of Science. 
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3.2 Experimental Methods 
3.2.1 Specimen Fabrication 
Vascular specimens were fabricated using a cell casting technique in which silicone 
gaskets were sandwiched between two glass sheets. Channels were created by suspending 330 
μm fluoropolymer monofilament within the mold. The channels possessed a mean center-to-
center spacing of 380 μm and were located 500 μm on center from the top surface of the 
specimen. Epoxy (EPON 828/EPIKURE 3230, Momentive) was poured into the mold and cured 
according to manufacturer specifications (80 °C for 2 h and 125 °C for 3 h). After curing, the 
epoxy sheet was removed from the mold and the monofilament was extracted by hand. 
Specimens were 1, 2, or 3 mm thick and cut to 52 mm x 52 mm with the channels located in the 
center of the specimen. 
Cylindrical hole specimens were tested as-is or coated with one of two non-wetting 
coatings: Ultra-Ever Dry® (UltraTech International Inc.), or Freekote® 55-NC (Henkel) on 
exterior surfaces. A drill press (RIKON 30-120) with bits of varying diameter was used to excise 
a cylindrical plug from the center of the sample. Impact specimens were coated with Freekote 
55-NC non-wetting material prior to impact testing.  
Filling experiments were performed under ambient conditions with samples affixed 
horizontally, vertically, or at a 45° angle. Impact specimens were oriented with the larger 
diameter of the conical central damage oriented upward. Syringe tips (150 μm ID, Nordson EFD) 
were inserted into the microchannels. Overhead or perspective images were acquired for each 
experiment and pumping continued until the damage region filled or no detectable progress 
toward filling was observed after several minutes. 
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3.2.2 Two-Stage Solutions 
The two-stage healing chemistry was designed for use as a two-part system requiring 
gelators to be split between “Part A” and “Part B” solutions. The formulation of each solution is 
given in Table 3.1. Gelators and HEMA were loaded into scintillation vials and sonicated until 
dissolved (~5 min). The remaining two-stage components were then added to their respective 
solution and mixed via vortex mixer. All experiments were performed with solutions containing 
12 wt% gelators prepared in quantities commensurate with the number of samples and size of 
damage to be filled (3-16 mL). Gel solutions used for fill characterization did not contain 
initiator or promoter. Gel times (Table 3.2) were determined via inversion of a 10 mm cylindrical 
vial containing the specified ratio of mixed A and B solutions. Carbon black (Regal 400, Cabot) 
was added to HEMA at a concentration of 0.0001 wt% as a contrast agent for visualization in 
recovery progression experiments and sonicated until well-dispersed. Solutions used for 
fluorescent fill images (Figure 3.6 and 3.12) were dyed for visualization with 0.6 mg/mL Risk 
Reactor DFWB-K10-50 and 1.5 mg/mL Nile Red (Sigma-Aldrich) in Part A and 1.25 mg/mL 
perylene (Sigma-Aldrich) in Part B. 
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Table 3.1: Two-part solution composition for restoration experiments. Amounts listed for 1.5 wt% initiator, 0.1 wt % 
promoter, and 2 v/v% catalyst. The two-stage thermoset also includes 0.04 wt% inhibitor. Table reproduced from 
White et al. 2014 [35] with permission from The American Association for the Advancement of Science. 
 
 Two-stage thermoplastic polymer1 Two-stage thermoset polymer2 
 Component Amount Component Amount 
Part A 
Gelator A3 (61%) 0.146 g Gelator A3 (61%) 0.146 g 
Catalyst 40.8 μL Catalyst 35.6 μL 
Promoter 2.1 μL Promoter 2.3 μL 
HEMA 1 mL Inhibitor 0.80 mg 
  TMPTMP4 0.608 g 
  GDMA (30%) 0.415 g 
 
Part B 
Gelator A3 (39%) 0.093 g Gelator A3 (39%) 0.093 g 
Gelator B 0.053 g Gelator B 0.053 g 
Initiator 31.0 μL Initiator 31.0 μL 
HEMA 1 mL GDMA (70%) 0.977 g 
1. Representative  values for 2 mL of total monomer; amounts with respect to monomer. 
2. Representative values for 2 g of total monomer. 
3. 12 wt% gelators (3:2 mol ratio A:B) which were divided for equal volume Part A – Part B solutions. 
4. TMPTMP:GDMA 1:1 mol ratio of functional groups. 
 
Table 3.2: Gel times for varying solution volumetric ratios as determined by inversion test. Error is one standard 
deviation (n = 3). 
 
Solution Ratio (A:B) Gel Time (s) 
2:1 39.7 ± 2.5 
1.5:1 32.0 ± 6.2 
1:1 29.0 ± 2.0 
1:1.5 44.7 ± 3.5 
1:2 51.7 ± 1.5 
 
3.2.3 Large Damage Volume Fill Experiments 
Fill experiments were performed under ambient conditions. Part A and B solutions were 
loaded into 3-mL syringe barrels (Nordson EFD), each split into two syringe tips (150 μm inner 
diameter/310 μm outer diameter, Nordson EFD) with flexible silicone tubing (1.59 mm inner 
diameter, HelixMark®). Syringe tips were inserted into each end of a microchannel. Samples 
were clamped to keep them stationary and leveled to the appropriate orientation (Figure 3.2). A 
small positive pressure was maintained (~50 Pa) to prevent backflow. Delivery was conducted 
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via computer-programmed (LabVIEW 2013) control of pressure dispensers (Ultimus V, Nordson 
EFD) according to the pump schedules in Figure 3.3. The delivery rate was held constant at 3 
μL*m-1 per channel for all experiments.  
 
 
Figure 3.2: Experimental setup for fill tests. An overhead camera monitors the pressurized delivery of fluids. Figure 
reproduced from White et al. 2014 [35] with permission from The American Association for the Advancement of 
Science. 
 
Pumping was allowed to continue until either completely filled or failure had occurred by 
surface wetting, channel blockage, or a lack of detectable progress towards fill over several 
delivery cycles. 3 replicates were performed for each test condition. Graph bars indicate the 
maximum damage size that all replicates filled and the error bars indicate the maximum damage 
size that at least 1 of the replicates filled. Overhead images for fill analysis were acquired using a 
Canon EOS7D DSLR with Canon Macro Lens EF 100 mm 1:2.8 and analyzed using a custom 
MATLAB (MathWorks) program. The image was thresholded and the outline between filled and 
unfilled portions of the damage volume was detected and recorded as paired coordinate data. The 
data from each image was used to construct a best-fit circle which, in turn was used to calculate 
the percent filled and the circular variance as described in section 3.3. 
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Figure 3.3: Graphical representation of 2 cycles of each delivery schedule tested in fill experiments. Blue lines 
represent “Solution Part A” and red lines represent “Solution Part B” (Table S1). Each delivery schedule maintained 
the same overall volumetric delivery rate of 3.0 μL of each part per minute. Fill tests with two-stage thermoset used 
the alternating pumping scheme with a delay time of  35s due to a slower gel formation. 
 
3.2.4 Mixing Analysis 
Fluorescent nanospheres were synthesized according to a procedure previously described 
in literature
[70-71]
 and refined by Jones.
[72]
 Particle cores containing dye were synthesized by first 
adding 10 mL ethanol, 0.014 g RITC or 0.012 g FITC, and .018 g APS to the reaction vessel and 
stirring with a magnetic stir bar for 24 hours. Next, 115 mL ethanol (200 proof), 6.25 mL 
ammonium hydroxide (30 wt%), and 40 mL water were added to the reaction vessel. Following 
mixing, 4.5 mL TEOS was added and stirred overnight. After the cores were synthesized, a 
protective shell of silica was grown around the cores in four steps. For each step, a volume of 
water was added to the reaction vessel followed quickly by and equal volume of TEOS. Between 
additions, contents were stirred and the reaction vessel was purged with nitrogen. The quantities 
for each of the four additions were 1, 10, 10, and 10 mL. The total amount of TEOS (31 mL) was 
chosen to yield an approximate particle diameter of 300 nm with a core diameter of 150 nm. 
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After the particles were synthesized, the contents of the reaction vessel were centrifuged, 
decanted, and re-dispersed in ethanol three times. The final particle diameter, measured by 
scanning electron microscope, was approximately 280-350 nm. Particles were stored in ethanol 
at -20 °C until immediately preceding use. Particles were vacuum-dried and re-dispersed in 
HEMA via sonication at a concentration of 0.1 wt%. 
All samples prepared for confocal microscopy contained a 6.5 mm diameter damage 
region. Following the prescribed fill procedure, samples were allowed to cure in a purging 
nitrogen atmosphere for 24 hours before being cut to size, potted (Epofix, Struers), and polished. 
A sample with perfect mixing was constructed by adding proper ratios of both solutions to a vial, 
vortex mixing for 5 seconds, and manually injecting into the damage volume. Confocal 
fluorescence microscopy was carried out on polished specimens using a laser scanning confocal 
microscope (LSM 700, Zeiss) with a numerical aperture 0.30 objective (10x, 11.2 μm slice) and 
Zen (Zeiss) software. Samples were analyzed with 485 nm and 555 nm lasers for fluorescein and 
Rhodamine containing particles, respectively. A pinhole diameter of 1 airy unit was used which 
yielded a resolution of 1.1 μm. Focal depth was determined at the center of the sample and the 
depth at which the emission response was at its highest intensity. After setting the focal depth, 
laser power was adjusted (typically 9-13%) so only a small portion of the fluorescent response 
achieved maximum intensity. Tile scans were conducted of the entire sample cross-section in an 
11x11 image array (each 1024 x 1024 pixels) for a total scan time of approximately 60 minutes 
per sample. Zen software was further used to process the images by automatically adjusting the 
brightness and contrast to optimize each image. ImageJ was used to convert each channel to 
binary (Figure 3.4a-3.5b) and MATLAB (R2013a) divided the images into 900-cell grids (Figure 
3.4c) to calculate cell concentrations of each channel in terms of pixels representing each dye. 
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The cell concentration data was used to calculate the sample mixedness (n = 3 for each delivery 
schedule). 
 
 
Figure 3.4: Evaluation of mixing from confocal micrographs. a) Binary conversion of 555 nm channel used to 
analyze Rhodamine placement (diameter = 6.5 mm). b) Binary conversion of 485 nm channel used to analyze 
fluorescein placement. c) Overlaid binary conversion (red = rhodamine, blue = fluorescein) with a representative 
30x30 grid overlaid. Cell concentrations of each component are calculated and used to determine the Lacey mixing 
index.[33] Cells with less than 1.5 % concentration of either component were omitted from mixing calculations in 
order to eliminate empty cells from mixing evaluation. 
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3.2.5 Contact Angle 
 In general, higher surface energy fluids exhibit stronger non-wetting behavior compared 
to lower surface energy fluids. Contact angle was used to characterize the non-wetting 
performance of sample coatings. A computer-controlled syringe pump (KD Scientific) deposited 
5 μL of test fluid through a 150 μm syringe tip onto a level, polished and coated epoxy substrate. 
Images were recorded with a CCD (QImaging Micropublisher 3.3 RTV) and an attached lens 
(Nikon AF Micro Nikkor 60 mm 1:2.8D) illuminated from behind (Dolan-Jenner QVMABL). 
Images of surface droplets were analyzed using the DropSnake plugin on ImageJ software.
[73]
 
Twenty drops were analyzed and averaged for each test case. 
 
3.2.6 Restoration of Structural Integrity 
Seal test samples were allowed to cure following completion of the fill process. The cure 
conditions differed depending on the choice of restorative chemistry and damage geometry. Neat 
HEMA controls and two-stage thermoplastic (HEMA) polymer solutions were cured under an 
inert nitrogen atmosphere for 24 h at room temperature. HEMA gel solutions (no initiator or 
promoter) were cured in both air and inert atmospheres. Two-stage thermoset polymer was cured 
at room temperature in air. Epoxy was cured for 24 h at room temperature in air. Specimens that 
remained liquid (HEMA controls) after the cure cycle were not tested under pressure as the 
liquid would drip out of the damage area during handling. For impact damage, samples were 
filled with two-stage thermoplastic polymer and cured for 48 h at room temperature under inert 
nitrogen atmosphere. 
Seal testing was performed using a pressure test cell
[74]
 with identical protocols for all 
damage geometries and healing chemistries (Figure 3.5). Samples were loaded on one side of the 
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sample to 345 kPa pressure with nitrogen gas. An input transducer monitored pressure on the 
loading side of the sample. An output pressure transducer detected leakage across the restored 
damage volume on the opposite side of the sample. Including a 30 s ramp, pressure was applied 
for a 10 min duration. Fully sealed samples exhibited no detectable leakage across the sample for 
the entire duration of the test. Failure was determined as samples that did not seal the full 345 
kPa pressure for the entire test.  
 
Figure 3.5: Pressure cell for structural integrity tests. Figure reproduced from White et al. 2014 [35] with permission 
from The American Association for the Advancement of Science. 
 
Impact damage was created using a drop-weight tower (Dynatup 8210) equipped with a 4 
mm hemispherical shaped striker.
‡‡
 The drop height was 100 mm, with corresponding impact 
energy of 6.26 J. The specimen was clamped into a fixture with a 38 mm opening, and the striker 
was aligned to intersect the channels. This impact test protocol produced a conical shaped 
puncture with the larger diameter of the cone opposite the side of initial impact. After initial 
impact testing, specimens were screened to remove specimens which lacked mechanical integrity, 
or that possessed through holes significantly too large to be tested. Selected specimens were 
imaged using an overhead charge-coupled device (CCD) (Basler AF213423) with attached lens 
                                                 
‡‡ Impact experiments and analysis was performed by Ryan Gergely. 
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(Nikon AF Nikkor 50mm 1:1.8 D). Images were analyzed using Matlab to determine the area of 
the central puncture. Fill experiments were conducted on specimens with central hole areas 
comparable to cylindrical hole experiments. 
After restoration of impact damage using two-stage thermoplastic chemistry, specimens 
were re-impacted using the same testing protocol to determine their recovery of impact energy. 
Specimens that passed the pressure test were considered to have successfully restored their 
mechanical function, and were thus re-impact tested. For the repeat impact test, specimens were 
oriented with the larger diameter of the conical central damage upward. A control experiment 
was conducted in which the damage was injected with the native epoxy substrate material and 
cured according to manufacture specifications. The injected material was retained in the damage 
region using a silicone sheet clamped to one side of the specimen. After curing, the specimens 
were re-impacted. 
Impact testing was performed using an instrumented tip that collected force data during 
the impact for 30 ms. Force-time data was used to calculate absorbed energy using an energy 
balance method described in ASTM D3763 section X2.
[75]
 The total absorbed energy is taken 
from the time of impact to the point the load becomes zero at the time of actuation of the 
rebound brakes. 
 
3.3 Volumetric Recovery of Cylindrical Damage Volumes 
The strategy for volumetric recovery (Figure 3.1) in polymers is predicated upon the 
ability of two-stage reagents to span gaps and fill large damage volumes by forming a free-
standing, dynamic gel scaffold on which continued accretive material growth occurs. An open 
cylinder (sample dimensions are 52 by 52 by 3 mm thick, 330-mm-diameter parallel channels) 
 50 
 
was selected as a model geometry to investigate the filling of large-scale damage in epoxy sheets. 
Solutions of HEMA containing gelators, acid catalyst, and fluorescent dye (Nile Red and 
perylene) were delivered to the damage area via separate microchannels (Figure 3.6). A 
computer controlled, pressurized system ensured reagents were delivered at 1:1 volume ratios. 
Upon entering the damaged region, the components mixed and quickly wet the inner surface of 
the sample owing to low viscosity and a low fluid-substrate contact angle. Rapid gelation formed 
a scaffold upon which additional fluid from the microvascular channels was deposited. The 
faceted appearance of the recovering damage region indicated the mechanical stiffness of the 
developing gel. Gelled material grew inward, and the entire damage region was filled as the 
process of deposition and gelation continued. The dynamic nature
[76]
 of the gelator chemistry 
enabled continuous (defect-free) gel interfaces and the formation of a monolithic plug in place of 
the original void.  
 
 
Figure 3.6: Optical images of 7.5-mm-diameter open-cylinder damage geometry after 1, 3, 7, and 13 min (left to 
right) pressurized delivery of HEMA gel solutions (2 v/v% catalyst, no initiator or promoter). Blue liquid is part A 
[HEMA, gelator A (61% of total gel A), DCA catalyst] dyed with perylene, and red liquid is part B [HEMA, gelator 
A (39% of total gel A), gelator B] dyed with Nile Red. Scale bar, 1 mm. Figure reproduced from White et al. 2014 
[35] with permission from The American Association for the Advancement of Science. 
 
3.3.1 Progression of Fill 
 The progression of damage area recovery was examined by an analysis of overhead 
images (Figure 3.7). The behavior of a rapidly gelling HEMA-based chemistry differed markedly 
from that of a non-gelling control (neat HEMA).  The progression of damage area recovery is 
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recorded as a function of time and fill progress was assessed by defining an Area Fill Ratio 
(AFR),  
0
fillA
AFR
A
                                                              (3.1) 
where Afill is the damage area recovered by healing agents as viewed from above and A0 is total 
area of the original damage zone. Carbon black (Regal 400, Cabot) was added at .0001 wt% to 
improve the contrast of the healing agent for optical analysis. The control solutions achieved an 
AFR of 1 only for diameters up to 6.3 mm. For larger diameters, the weight of the healing agents 
became significant, causing the controls to drip out before completely filling the damage region. 
In contrast, gelling solutions filled to capacity (AFR = 1) for damage diameters up to 9.0 mm by 
overcoming gravity and circumventing failure by dripping. Damage sizes exceeding 8.0 mm did 
not reliably fill for all replicates because gravity caused gel material to grow downward rather 
than toward the damage center. However, the AFR remained substantially higher than that of 
control solutions because of superior material retention. 
A damage diameter of 7.0 mm was selected for additional study because the controls 
could not fill this damage size but the gel solution filled reliably. AFR data for non-gelling 
controls and a rapidly gelling system are shown in Figure 3.8a and 3.8b (blue lines), respectively. 
The non-gelling control repeatedly reached an AFR of ~0.59 before gravity pulled the healing 
agents from the damage volume and reduced the AFR to ~0.33. In contrast, the gel followed a 
steady progression toward a complete fill of the damage area, further demonstrating the ability of 
the two-stage chemistry to recover large damage volumes.  
 
 52 
 
 
 
Figure 3.7: Fill performance achieved for cylindrical holes of increasing size for HEMA gel and a non-gelling neat 
HEMA control. Figure reproduced from White et al. 2014 [35] with permission from The American Association for 
the Advancement of Science. 
 
 
 
Figure 3.8: Progression of damage area recover with Area Fill Ratio (AFR) and circular deviation (ζ) shown for a) 
non-gelling HEMA controsl and b) HEMA gel. Damage diameter is 7.0 mm. - depict the time at which the 
image and corresponding graphical data were collected. HEMA gel and control solutions each contain .0001wt% 
carbon black for contrast enhancement. 
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For the cylindrical damage geometry, liquid healing agents appeared as an annulus when 
viewed from above with an open, circular area present in the center of the damage region. The 
extent to which the healing agents conformed to a circular contour was calculated from the shape 
of the unfilled portion of the damage geometry,
[77]
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where ξ is a measure of circularity, xi and yi are the coordinates of points around the contour of 
the unfilled portion of the damage geometry, A0 and B0 are the center coordinates of a best fit 
circle calculated for the unfilled portion of the damage geometry, R0 is the radius of the best fit 
circle, and N is the number of points used to construct the best fit circle. ξ was formulated to 
reach a value of 1 when the outline of the healing agent approached that of a perfect circle. 
Figure 3.8a and 3.8b (red lines) show the difference in ξ between the liquid controls and gel 
system, respectively. The fill shape of the control fluid was dictated by surface tension, 
appearing as an annulus until reaching a critical mass at which point the liquid was pulled 
downward away from the damage zone. In great contrast, the gel material deviates significantly 
from circularity at the onset of the test and followed no predictable trend, indicating the shape of 
the gel was not dominated by surface tension. 
 
3.3.2 Effect of Mixing 
Delivery schedule was varied for regeneration experiments to gauge the effect on mixing 
and maximum fill size. Three pumping protocols were prescribed to alter the cadence of flow 
while maintaining the overall cycle time and average delivery rate. An alternating delivery 
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scheme was developed consisting of: 1 s pulsed delivery of 1 μL solution B, 3 s delay, 1 s pulsed 
of 1 μL solution A, and a 15 s delay for a total cycle time of 20 s. Two additional pumping 
protocols were examined for comparison (Figure 3.3). The first was a simultaneous pumping 
schedule which delivered solutions concurrently. The second was a double frequency alternating 
schedule with 4 alternating pulses each of 0.5 μL volume.  
Confocal fluorescent microscopy was used to analyze the position of fluorescent dyed 
nanospheres to gain a direct indication of mixing. Fluorescent silica nanospheres (~300 nm) 
containing either Rhodamine B or Fluorescein were synthesized
[70-71]
 and suspended in each of 
the healing agent components (Rhodamine - Part A, Fluorescein – Part B). As the two-part 
system mixed during delivery, gelation locked the nanospheres in place and the nanosphere silica 
shells prevented the dyes from diffusing during a 24-cure process. After allowing the healing 
chemistry to fully cure into a rigid polymer, confocal micrographs of polished surfaces displayed 
a striated appearance with notable concentrations of each nanosphere species (Figure 3.9a - 3.9d, 
all test replicates shown in Figure C.2). The striated appearance of the fluorescent microspheres 
is indicative of the layer-by-layer growth of the gel mass and provided an opportunity for 
quantitatively assessing the extent of mixing.  
The distribution of the dyed nanospheres was evaluated by converting each channel into a 
binary image (Figure 3.4), overlaying a 30x30 cell grid (cell size ~200 µm x 200 µm), and 
calculating cell concentrations of each dye via MATLAB pixel count. Lacey described a 
statistical method to determine the degree of mixing between two particulate species,
[33]
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where M is the Lacey Mixing Index, σ0 is standard deviation of cell concentration in a 
completely unmixed sample, σ is the standard deviation of cell concentration in the actual sample, 
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and σR is the standard deviation of cell concentration in a perfectly mixed sample. M will 
approach unity for a perfectly mixed sample. In this experimental setup, the pixels from confocal 
images of the fluorescent nanospheres are analogous to particulates investigated by Lacey. As 
opposed to other methods that rely on circumstantial evidence of mixing from mechanical 
data,
[15, 17, 20]
 our analysis achieves a direct assessment of healing agent delivery. 
In all three delivery schedule cases, the gel filled a larger area than the control. The 
original alternating delivery schedule demonstrated the highest fill performance followed by the 
double frequency alternating schedule and finally, the simultaneous delivery schedule (Figure 
3.9e). In agreement with fill performance, simultaneous delivery schedule showed the lowest 
degree of mixing (Figure 3.9f). However, alternating and double frequency alternating schedules 
showed similar degrees of mixing despite differences in fill performance. Samples that were 
premixed with a vortex mixer (“perfectly mixed controls”) and manually injected into damage 
volumes approached M values of unity as expected.  
Gelation of healing chemistry is greatly affected by the stoichiometric ratio of the 
solutions (Table 3.2). Although each of the schedules was calibrated to deliver 1:1 ratios of 
solutions, the local stoichiometry of a poorly mixed sample impacted gel time and regeneration 
performance. Hence, mixing influences fill size, but additional analysis is needed to investigate 
the extent to which mixing modifies factors such as the local viscosity or dynamic contact angle 
of healing agents to alter delivery and flow in the damage volume.  
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Figure 3.9: Effects of mixing. Micrograph from scanning laser confocal microscope showing a distribution of 
fluorescent nanospheres (red = Rhodamine; green = fluorescein) for a representative sample of each delivery 
schedule a) Alternating b) Simultaneous, and c) Double frequency alternating (Figure 3.3) (scale bars = 1 mm). d) 
Higher magnification region indicated by dotted box in Figure 3a (scale bar = 100 µm). e) Fill performance of 
various delivery schedules. f) Lacey mixing index (Equation 3) of perfectly mixed controls and each delivery 
schedule. 
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3.3.3 Sample Configuration 
The effects of substrate thickness and sample orientation on maximum fill size were 
investigated to determine the influence of the surface area available for gel accretion as well as 
the direction of gravity on regeneration performance. The effect of sample thickness on 
maximum fill area is summarized in Figure 3.10a. Sample thickness was varied from 1-3 mm 
while holding microchannel position constant with respect to the upper surface. Increasing 
sample thickness resulted in an increased fill size for both non-gelling controls and gelling 
healing agents. Improved performance with increasing thickness was expected due to the larger 
surface area for healing agents to deposit, spread, and gel. The fill size of the gelling healing 
agents increased more rapidly with thickness than the non-gelling controls. The controls 
experienced only marginal benefit from thicker samples because gravity still dominated retention 
limitations.  
 
 
Figure 3.10: Effect of thickness and orientation on fill performance. a) Fill area of controls and gel for each sample 
thickness b) Fill area of samples with following orientations: 1, 0°; 2, 45° vertical channels; 3, 90° horizontal 
channels; 4, 90° vertical channels.  
 
The fill performance of the gelling healing agents under different damage orientations 
was investigated to better understand the effect of gravity on the healing process. Figure 3.10b 
 58 
 
shows the fill performance of non-gelling controls and gelling healing agents in four different 
sample orientations:  0°,  45° tilt with veritcal channels,  90° with horizontal channels, and 
 90° with vertical channels. The 0° orientation far outperformed all other orientations for the 
gel. As expected, the controls were largely unaffected by damage orientation. The gel only 
provided a marginal benefit over controls for the 45° tilt with vertical channels and 90° with 
horizontal channels. The controls slightly outperformed the gel for the 90° with vertical channels 
test case. 
In all orientations other than the 0° case, one or more of the channels became blocked by 
the formation of gel. Consequently, the blockage resulted in poor mixing and/or inadequate 
ratios of components delivered to the damage region which decreased the fill performance. In the 
0° orientation, liquids were distributed and retained around the entire circumference of the 
damage zone awaiting gelation. In all other orientations, healing agents pooled at the bottom of 
the damage geometry, only covering a relatively small portion of the damage circumference. 
Healing agents with faster gel times could potentially be used to mitigate orientation challenges 
if gelation occurs before healing agents accumulate on the lowest surface. The introduction of 
additional channels may also help the system resist failure due to channel blockage. 
 
3.3.4 Surface Wetting 
Surface coatings were applied to study the effect of surface wetting on maximum damage 
fill size. The contact angle of HEMA elicited wetting (θ = 18°), near oleophobic (θ = 72°), and 
super oleophobic (θ = 163°) responses for bare, Frekote, and Ultra-Ever Dry (UED) coated 
samples, respectively (Figure 3.11a – 3.11c). The tendency for liquids to traverse edges and wet 
adjacent surfaces is described by the “Gibbs inequality condition,”[78] 
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1 0 2(180 )                                                          (3.4) 
where θ1 is the equilibrium contact angle of the wetted surface, θ0 is the contact angle of a liquid 
pinned at an edge, Φ is the angle between the two surfaces, and θ2 is the equilibrium contact 
angle of the non-wetted  surface. For the fill experiments, θ1 corresponds the damage surface and 
θ2 to the bottom and top surfaces of the sample (Figure 3.12). θ1 is 18° for all samples and θ2 
varies according to surface coating.  
 
 
Figure 3.11: Effect of surface modification on wetting and fill performance. a) Contact angle of HEMA on uncoated 
epoxy, b) Frekote 55-NC, and c) Ultra-Ever Dry. d) Fill performance of samples at varying surface contact angles. 
 
In Figure 3.11d, the fill performance is compared for each coating condition. Bare epoxy 
samples were prone to wetting failure for both the non-gelling controls and gelling healing 
agents, resulting in only a marginal performance increase for the gel compared to controls. 
Healing agents often wetted the bottom surface of the sample prior to gelation. Both Frekote and 
UED coated samples achieved equivalent fill results for control liquids because the coatings 
eliminated the wetting failure mode. In contrast, gel fill performance increased with contact 
angle. Gel buildup hindered and deflected the flow of healing agents to cause occasional wetting 
failure on Frekote samples, but this event was not observed with UED samples. The selective 
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phobicity of the damage surface redirected fluids
[79-80]
 and better retained healing agents within 
the damage volume. 
 
 
Figure 3.12: Schematic showing variables included in the Gibbs inequality condition. Droplet dotted outlines 
represent the low equilibrium contact angle for the damage (uncoated) surface and the bottom (uncoated, Frekote 
55-NC, or Ultra-Ever Dry) surface of the sample. As θ2 increases, the specimens increasingly resist failure by 
wetting. 
 
3.3.5 Concentration of Vascular Channels 
Samples with 2, 4, and 8 intersecting channels were fabricated and evaluated for fill 
performance. Cylindrical damage volumes were created at the intersection of the channels (the 
damage event split each channel in half; E.g. the 2-channel specimens had 4 half-channels 
delivering fluids) and the healing agent delivery rate was held at 3 μL*min-1 per channel for each 
experimental configuration. Figure 3.13 contains an image sequence of the fill process for an 8-
channel specimen with a 10.5 mm damage diameter. More deposition resulted from higher 
microvascular concentration, leading to enhanced regeneration performance (Figure 3.14). The 
maximum fill size of controls was largely unchanged by increasing the number of channels, but 
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gel performance of the 8-channel specimens achieves 164% improvement (11.2 mm damage 
diameter) in fill area over the 2-channel sample geometry and 197% improvement over controls. 
 
 
 
Figure 3.13: Fill process for an 8-channel sample after 1, 5, 8, and 10 minutes into the fill process as viewed from 
above. Damage diameter is 10.5 mm (scale bar = 2 mm). Red fluid is Part A with 0.6 mg/mL Risk Reactor DFWB-
K10-50 and 1.5 mg/mL Nile Red dyes. Blue fluid is in Part B with 1.25 mg/mL perylene dye. 
 
 
 
Figure 3.14: Effect of number of delivery channels on fill performance. 
 
 The increase in fill size observed with higher vascular densities was attributed to three 
possible sources. First, the overall flow rate of healing agents in the damage volume increased 
proportionately with channel count because the flow rate per channel was held constant for all 
experimental iterations. Although experiments with non-gelling HEMA controls did not indicate 
any correlation between delivery rate and fill size, this discrepancy in the overall delivery rate 
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should be noted for the different vascular densities. Second, the additional microchannels may 
have enhanced the overall mixing due to the introduction of more interfaces between the healing 
agent solutions (Figure 3.13). Finally, it was experimentally observed that wetting around the 
damage perimeter was accomplished more evenly for the higher vascular density designs. As 
damage circumference increased, it was increasingly unlikely healing agents could wet the entire 
damage surface before gelation occurred which led to a preferential accretion of healing agents 
near the channels.  Higher channel counts resulted in more even wetting of the entire damage 
surface as well as more even gel accretion. 
 
3.4 Structural Restoration of Cylindrical and Impact Damage Volumes 
 In addition to volumetric recovery, mechanical restoration must be achieved in order to 
accomplish regeneration. A pressure cell was used to verify mechanical recovery of the two-
stage system in cylindrical damage geometries by applying 345 kPa of nitrogen to one side of a 
damage sample and monitoring leakage on the opposite side (Figure 3.5).
[74]
 Because only a 
completely filled damage region will withstand pressurization, tests were restricted to the 
maximum damage areas at which each restorative system attained complete filling for each of 
five replicates (Fig. 3.15). All gelling systems were able to fill larger damage areas larger than 
can non-gelling solutions but did not provide mechanical recovery without a second transition to 
polymer. Only the thermoplastic and thermoset two-stage polymers combined filling 
performance with mechanical recovery. A standard two-part epoxy resin was tested for 
comparison, and did not fill a substantial damage area or seal after a 24-hour room-temperature 
cure. As demonstrated with larger-area fill ratios and higher seal rates, two-stage polymers 
provided restoration performance superior to prior epoxy healing chemistries.
[17]
 The final 
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mechanical properties of the two-stage polymer systems are comparable with commercial 
poly(methyl methacrylate) (PMMA) polymers.
[81]
 Elastic properties of the two-stage 
thermoplastic (HEMA) system were determined by tensile testing (ASTM D638). The elastic 
modulus was 1.8 GPa and a tensile strength was 45 MPa.
[82]
  
 
 
Figure 3.15: Restoration performance of various healing systems after a 24-hour room-temperature cure, with the 
curing atmosphere indicated in the legend. Samples are subjected to 345 kPa N2 pressure loading. Regeneration 
requires both a complete fill and recovery of full mechanical function. Figure reproduced from White et al. 2014 [35] 
with permission from The American Association for the Advancement of Science. 
 
More realistic damage was created by impact and puncture of specimens using a drop 
tower apparatus. A striker with a hemispherically shaped tip at 6.26 J (Figure 3.16a) created a 
central puncture and radiating cracks, with damage spanning ~35 mm in diameter. The same 
pressurized alternating delivery scheme was used to fill the damage post-impact. A dye (Oil Blue 
N) was used to observe the deposition process, which included wicking into the radiating cracks 
(Fig. 3.16). Although fast gelation chemistry was advantageous for the regrowth of lost mass, it 
did not provide sufficient time for the reagents to fully penetrate into radiating microcracks. 
Slowing the gelation kinetics by reducing catalyst content to 0.1 vol% allowed the system to 
attain both gap-filling and partial penetration of radial microcracks emanating from the central 
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hole. Pressure testing of impact samples yielded ~60% sealing success, with most failures 
attributed to the lack of sealing of the dense network of radiating microcracks. After restoration 
of impact damage, specimens were re-impacted using the same testing protocol and measured 62% 
recovery of total absorbed energy in comparison with the initial impact test. The restored 
material performed on par (76%) with control specimens in which the native substrate material 
was injected into the damage and cured at a high temperature. 
 
 
 
Figure 3.16 Restoration of impact damage. Perspective views of impact specimen restored with two-stage 
thermoplastic (HEMA) system (0.1 v/v% catalyst, 1.5 wt% initiator, 0.1 wt% promoter). Both components of two-
part solutions are dyed and recolored in images for visualization. a) Specimen mounted into impact test fixture; 4-
mm striker with a hemispherically shaped tip suspended over specimen. (b and c) Impact damage with central 
puncture and radiating cracks (scale bar = 5 mm). b) Before filling. c) After filling. Figure reproduced from White et 
al. 2014 [35] with permission from The American Association for the Advancement of Science. 
 
3.5 Summary 
A vascular approach is demonstrated for regeneration using a two-stage polymer that 
replaces lost mass and recovers structural performance. The healing chemistry makes use of both 
a rapid gelation (gel stage) to mitigate surface tension and gravity effects and a slower 
polymerization (polymer stage) for restoration of structural performance. Superior filling of large 
damage volumes was achieved with the HEMA gel system compared to non-gelling control 
fluids under multiple test conditions. Table 3.3 summarizes the relative performance of all test 
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conditions. The regeneration performance was assessed by calculating the ratio of gel 
performance compared to non-gelling controls with respect to the maximum fill area obtained, 
gel control
control
 



                                                           (3.5) 
where ζ is the performance increase, αgel is the maximum fill size attained by HEMA gel for a 
given experimental protocol (delivery schedule, sample geometry, sample orientation, surface 
coating, and microvascular density), and αcontrol is the maximum fill size attained by non-gelling 
controls for the same protocol.  The gel outperformed the non-gelling control fluids for every test 
case (ζ > 0) except for the 90° oriented test configuration with horizontal channel positioning (ζ 
= -0.09). The performance increase was greatest for samples with an alternating pumping 
schedule, largest thickness, 0° orientation, superoleophobic surfaces, and highest concentration 
of microvascular channels. Under these conditions, the gel exceeded the maximum fill size of 
non-gelling controls by a margin of 3:1.  
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Table 3.3: Maximum fill size attained for each test condition.  
 
 
HEMA Controls  HEMA Gel 
Performance 
Increase  
ζ 
Diameter 
(mm) 
Area 
(mm2) 
 
Diameter 
(mm2) 
Area 
(mm2) 
Standard Specimen1 6.3 31.2  9.0 63.6 1.04 
Experimental 
Series2 
Variables       
Delivery 
Schedule 
Simultaneous 6.2 30.2  7.6 45.3 0.50 
Double Frequency 
Alternating 
6.3 31.2  7.7 46.5 0.49 
Thickness 
1 mm 5.0 19.6  6.3 31.2 0.59 
2 mm 5.9 27.3  7.8 47.8 0.75 
Orientation 
45°, Vertical Channels 5.5 23.7  5.9 27.3 0.15 
90°,  Horizontal Channels  6.2 30.2  5.9 27.3 -0.09 
90°, Vertical Channels  6.2 30.2  6.5 33.2 0.10 
Surface 
Coating 
θ = 18° 5.7 25.5  6.3 31.2 0.22 
θ = 72° 6.3 31.2  7.9 49.0 0.57 
Channel Count 
4 Channels 6.6 34.2  9.2 66.4 0.94 
8 Channels 6.5 33.2  11.2 98.5 1.97 
1. Standard sample consists of alternating delivery schedule, 3 mm thickness specimens, 0° orientation, 
superoleophobic surface coating, and 2 microvascular channels as previously described. 
2. Test conditions conform to the “standard sample” in all respects other than the one specified. 
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CHAPTER 4 
AIR-ASSISTED REAGENT PROPULSION 
 A vascular network inspired by a microfluidic mixer
[83-85]
 is introduced to deliver two-
part healing agents to a crack plane while simultaneously inducing high levels of mixing. A 
pressurized air supply propels droplets of healing agent components through a single 
microchannel such that mixing occurs autonomously and in-situ. Static pressure feeds each 
component (air and a two-part healing agent) into the microchannel concurrently, which results 
in healing agent droplets spaced by plugs of air to provide a continuous supply of highly mixed 
healing agents. As a crack plane intersects the channel, capillary forces wick mixed healing agent 
droplets into the crack plane while air continues down the channel. Multiple cycles of delivery 
with healing efficiencies up to 190% are observed for double cantilever beam specimens. 
 
4.1 Introduction 
 Microvascular systems with two-part healing agents require mixing in the damage zone 
to initiate reactions and facilitate healing events.
[11, 17, 20]
 A considerable disparity can exist 
between the healing efficiencies obtained from reference tests (pre-mixed healing agents) and 
self-healing tests (in-situ mixing), and these disparities are often attributed to the challenge of 
mixing healing agent components in-situ.
[14, 20]
  Mixing devices are widely reported in the 
microfluidic literature,
[83-85]
 but have not yet been implemented in self-healing materials. A 
successful design must present a strategy to purge mixed (but uncured) healing agents from the 
vasculature to prevent blockage and allow repeatable delivery for multiple healing cycles. 
Furthermore, implementation of a statically pressurized system has potential for greater 
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autonomy than previously reported methods of mixing such as mechanical perturbation or 
dynamic pressurization.
[6, 14, 17]
 
 The concept for air-assisted reagent propulsion is shown in Figure 4.1a. A microvascular 
channel with 3 inlets delivers air and each part of a two-component healing agent into a single 
microchannel. Air is delivered through the posterior intlet, and reagents (epoxy and a hardener) 
are incorporated through post anterior and anterior inlets, respectively. As epoxy enters the 
vasculature from the post anterior inlet, the air flow shears droplets and propels healing agent 
down the channel. As the resin droplet nears the anterior inlet, it combines with a necking droplet 
of hardener. The combined reagents continue to be propelled down the channel until reaching the 
site of damage. High speed images of a functioning system (Figure 4.1b-d) were captured using a 
Phantom® Miro eX4 (Vision Research) at a resolution of 800x600 and an attached MP-E 65 mm 
macro lens (Canon). As seen from the image sequence, the epoxy is broken up into distinct, 
periodic droplets that combine with the thiol hardener and continue down the channel. 
 Changing the air pressure in the posterior inlet was experimentally observed to alter the 
mode of delivery (Figure 4.2). For a healing agent flow rate of approximately 50 μL*min-1, low 
air pressures (30 kPa) resulted in an uninterrupted laminar flow of epoxy and thiol components. 
Under intermediate pressures (55 kPa), the flow is broken up into evenly spaced, stable plugs 
that travel down the channel towards the outlet. For high pressures (>65 kPa), the plugs are 
replaced with transient droplets that periodically form and disperse while moving very quickly 
down the channel due to competition between shear forces and surface energy. For the 
experiments described in this chapter, healing agent flow rates were inconsistent and delivery 
mode transitioned back and forth between those observed for intermediate and high pressures. 
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Figure 4.1 Branched channel, air-assisted reagent propulsion flow concept. a) Air propels droplets of each reagent 
down the microchannel, inducing mixing in-situ. b) Image of functioning chip as viewed from above. The air breaks 
epoxy into distinct droplets (white box) (scale bar = 500 μm). c) Thiol collects around the channel junction as epoxy 
droplet approaches. d) The epoxy droplet combines with the thiol to form a combined droplet that continues down 
the channel. Epoxy (EPON 828 + Epodil 750 blended at 75/25 wt%) is dyed with 0.6 mg/mL Risk Reactor DFWB-
K10-50 and 1.5 mg/mL Nile Red. Tetrathiol with 3.5 w/w% N,N-Dimethylbenzylamine is dyed with 2.0 mg/mL oil 
blue N. 
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Figure 4.2 Flow modes for air-assisted reagent propulsion as imaged ~1 cm downstream from the anterior inlet. a) 
Under low pressures, an uninterrupted laminar flow of healing agents occurs (scale bar = 500μm). b) Under 
intermediate pressures, evenly spaced plugs of reagent travel stably down the channel. c) Under higher pressures, the 
stable plugs decay into transient droplets that span across the channel. Epoxy (EPON 828 + Epodil 750 blended at 
75/25 wt%) is dyed with 0.6 mg/mL Risk Reactor DFWB-K10-50 and 1.5 mg/mL Nile Red. Tetrathiol with 3.5 w/w% 
N,N-Dimethylbenzylamine is dyed with 2.0 mg/mL oil blue N. 
 
4.2 Experimental Methods 
4.2.1 Branched Channel Fabrication in an Epoxy Matrix 
Sacrificial fibers were fabricated using a lab-scale melt spinning apparatus. Melt-
compounded precursor poly(lactic acid) (PLA) material (Ingeo 4043D with 3 wt% SnOx catalyst, 
obtained from CU Aerospace) was dried under vacuum at 70 °C for at least 6 h. A modified fiber 
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extruder was preheated to 175 °C, after which the material was loaded into an extruder barrel and 
allowed to melt (~45 min). A polytetrafluoroethylene spacer and brass cylinder connected to a 
steel piston were inserted into the barrel and used to extrude precursor material through a 1.25 
mm diameter spinneret at a rate of approximately 5.5 g min
-1
. Fiber take-up speed was adjusted 
to control fiber diameter to obtain approximately 55 m of continuous 700 μm diameter fiber. 
After melt spinning, sacrificial fibers were drawn to a length ratio of 4:1 (final:initial) by the CU 
Aerospace company to obtain ~220 m of continuous 350 μm diameter fiber. 
 2 mm thick sheets of Araldite/Aradur 8605 epoxy (Huntsman Advanced Materials LLC) 
were created via cell casting and curing for 5 h at 100 °C. Lengths of sacrificial fiber were taped 
to the sheet with polyimide tape and side branches of sacrificial fiber were adjoined 
perpendicularly to the main fiber via solvent welding with dichloromethane (DCM). Side 
branches were spaced approximately 10 mm apart and the free ends of the branches were also 
taped to the epoxy sheet. A 2 mm thick silicone gasket was placed around the device and covered 
with a glass plate to serve as a mold for encapsulation in epoxy. After filling the modified cell 
casting mold with Araldite/Aradur 8650 epoxy, the entire device was allowed to set up for 24 
hours at RT and subsequently cured for 8 hours at 150 °C. Devices of 4 mm thickness were cut 
to size (4 mm wide x 10 mm long) and the ends of sacrificial fibers exposed before undergoing 
the previously reported “Vaporization of Sacrifical Components” (VaSC) procedure[86] for 16 
hours at 200 °C in a vacuum oven (~12 Torr). VaSC created an inverse structure of the adjoined 
fibers to yield an epoxy-embedded microfluidic channel with two side branches arranged 
opposite one another (Figure 4.3). The design resembles T-junction microfluidic devices 
previously described in the literature.
[84-85] 
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Figure 4.3 Branched microvascular channel in epoxy (scale bar = 10 mm). The outlet is located on the left side of 
this image and the inlets are located on the right. 
 
4.2.2 Mixing Studies 
 Healing agent mixing was investigated in a simulated crack plane for two different 
delivery configurations. The first sample consisted of two adjacent microchannels in any epoxy 
cylinder (Figure 4.4a). The epoxy (Epofix, Struers) was cast into a 31.75 mm diameter, 25 mm 
deep silicone mold with two adjacent fluoropolymer monofilaments (Berkely Vanish 14 lbs test, 
330 μm diameter) anchored through the bottom of the mold with a center-center spacing of 
approximately 350 µm. Following a 24-hour room temperature cure, the fibers were extracted 
with a Leatherman Juice® S2 multi-tool and the resulting vascularized disc was polished flat. 
The second configuration consisted of an epoxy cylinder cast around the single outlet of a 
branched microvascular device (Figure 4.4b). Ring-shaped shims of 50 μm and 100 μm thickness 
(19.05 ID and 28.6 mm OD, obtained from McMaster-Carr) were adhered on-center to the epoxy 
cylinders for both geometries and a glass coverslip was adhered to the top of the shim. 
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Figure 4.4 Experimental geometry for mixing experiments within a crack plane. a) Two-channel specimens with 
side by side channels and a shim-spaced cover slip creating a simulated crack plane. b) Branched channel sample 
geometry  
 
Stoichiometric epoxy-thiol healing agents (Epon 828 + Epodil 750 at 75-25 wt% and 
Tetrathiol with 1.5 wt% N,N-Dimethylbenzylamine, Figure 2.7) were delivered using alternating 
and simultaneous pressurized schemes (Figure 3.3) in the two-channel configuration (Figure 4.4a) 
using Ultimus V pressure boxes connected to 3 mL syringe reservoirs with attached tubing 
(Tygon, 1.6 mm ID) and syringe tips (150 μm ID x 6.35 mm length). Pulse pressure was 
calibrated to deliver approximately 1.5 μL of epoxy component and 1 μL of thiol component 
(stoichiometric ratio) after averaging the per pulse delivery mass of 10 cycles of each component 
using an analytical balance (XS204 DeltaRange, Mettler-Toledo). After the simulated crack 
plane was filled with healing agent (~8 cycles for the 50 μm simulated crack plane and ~15 
cycles for the 100 μm simulated crack plane), pumping was ceased.  
For the branched microvascular device configuration (Figure 4.4b), healing agents were 
delivered via regulated static pressure (Marsh Bellofram Type 10). An air-tight seal was created 
by hot gluing syringe tips (150 μm ID x 6.35 mm length) were hot glued into each channel inlet. 
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Tetrathiol with 3.5 wt% N,N-Dimethylbenzylamine was delivered through the anterior inlet,  
EPON 828 + Epodil 750 blend (75 wt% EPON 828, 25 wt% Epodil 750, Figure 2.7) was 
delivered through the post anterior inlet, and air was maintained at a 24 kPa pressure in the 
posterior inlet (Figure 4.1). Pressure was adjusted to approximate a 1.5:1.0 volumetric ratio for 
resin:hardener reagents (approximately 30 and 14 kPa, respectively). Delivery was allowed to 
continue until the simulated crack plane was nearly filled with healing agents and samples were 
allowed to cure for 24 hours at room temperature before further analysis was performed. Control 
specimens were fabricated by pre-mixing healing agent components via vortexer and manually 
injecting through the microchannels into the simulated crack plane. 
 Confocal fluorescence microscopy was used to analyze the mixing of components 
following the procedure described in section 3.2.4. Images were constructed as a stitched 8x8 
grid of micrographs with each micrograph containing a 1024x1024 pixel array collected at 0.5x 
digital zoom. The entire constructed image array represented 10.25 mm x 10.25 mm. Collection 
required approximately 40 minutes for each sample and images were positioned concentric with 
the deposited healing agents. Although healing agents delivered by alternating pulsed delivery 
and air-assisted reagent propulsion cured solid within 24 hours, the simultaneous pulsed delivery 
samples still contained unreacted liquid at the time of imaging. The Lacey mixing index was 
calculated from binary thresholded images as previously described in section 3.2.4.
[33]
  
 
4.2.3 Self-Healing in Double Cantilever Beam Specimens 
 Self-healing studies were carried out using the double cantilever beam (DCB) test 
geometry. Specimens were constructed of eight plies of an 8-harness (8H) satin weave E-glass 
fabric (Style 7781, Fibre Glast Developments Corp.) stacked in a [90/0]4 layup sequence. 350 μm 
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sacrificial fibers were stitched through the textile reinforcement in a single channel, undulating 
pattern (Figure 4.5a). A branched architecture was constructed by solvent welding 2 side inlets 
on the top of the 8-layer textile via solvent welding and by positioning the outlet on the bottom. 
Following the attachment of inlets, four additional layers of fabric were placed on both the top 
and bottom of the stitched fabric following the same alternating woven cross-ply stacking 
sequence. An ethylene tetrafluoroethylene (ETFE) film (25 μm thick) was placed at the midplane 
serving as a pre-crack beginning adjacent to the closest fiber stitch.  Epoxy resin infiltration 
(Araldite LY/Aradur 8605, 100:35 by wt., Hunstman Advanced Materials LLC) was achieved 
using vacuum assisted resin transfer molding (VARTM) at 38 Torr (abs) until complete fabric 
wetting and then decreased to 76 Torr (abs) for 24 h at room temperature until resin solidification. 
The fiber-composite panel was post-cured for 2 h at 121 °C followed by 3 h at 177 °C. DCB 
samples were cut from the 4 mm thick panel to approximately 25 mm wide and 160 mm long 
exposing the sacrificial fiber inlets and outlet. Samples were then placed in an oven for 16 h at 
200 °C under 12 Torr vacuum to create a branched vascular channel (Figure 4.5b). Brass hinges 
(25 mm × 25 mm, McMaster-Carr) were bonded to outer composite faces on the pre-crack end 
using an epoxy-thiol chemistry (EPON 828/Epodil 750 [75/25 wt%], tetrathiol, and 5 wt% 
[Dimethylaminomethyl]phenol catalyst, Section 2.3.4) and cured at 40 °C for 2 hours before 
fracture testing. Delineations of 5 mm were marked on the dorsal surface of the sample for 60 
mm of fracture length. 
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Figure 4.5: Air-assisted reagent propulsion in DCB geometry. a) Stitching pattern used to weave sacrificial fibers 
into 8-layer composite preform (drawn to scale). b) Schematic of completed DCB geometry containing branched 
channel design. Flow initiates from the inlets, travels the length of the DCB and returns through the outlet. c) 
Schematic of in-situ delivery of healing agents during mode-I fracture. 
 
 In-situ, air-assisted healing agent propulsion through the branched vasculature was 
achieved via syringe pump (healing agents) and pressurized syringes (air). Syringe tips (310 μm 
OD, 150 μm ID x 6.35 mm length) were inserted into the inlets, hot glued in place, and 
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connected to fluid reservoirs with laboratory tubing (Tygon®). 20 mL and 10 mL Becton 
Dickinson syringes (ID of 14.45 and 19.29 mm, respectively to yield a nominal volumetric flow 
ratio of ~1.78:1 epoxy:hardener) served as fluid reservoirs for the epoxy (75/25 wt% EPON 828 
and Epodil 750) and hardener (tetrathiol with 3.5 wt% N,N-Dimethylbenzylamine catalyst) 
healing agent components, respectively. Syringes were loaded onto a KDS model 210P syringe 
pump and programmed for delivery via LabVIEW (v. 2014, National Instruments). The nominal 
delivery was programmed to be 10.7 and 6 μL*min-1 of epoxy and hardener, respectively based 
on equal displacement of syringe plungers. However, ex-situ experiments of healing agents 
delivered through syringe tips (150 μm ID x 6.35 mm length, unconnected to vasculature) onto 
an analytical balance revealed the actual delivery rates averaged 17.8 and 11.7 μL*min-1 over a 
30 minute collection period (Figure 4.6). The total volumetric delivery rate of healing agents was 
approximately 30 μL*min-1 at a volumetric ratio of 1.52:1 epoxy:hardener which approximates 
the 1.49:1 stoichiometric ratio based on epoxide and thiol functional groups. Unfortunately, 
precise control over ratios and delivery rates was unattainable. 
 
 
Figure 4.6: Syringe pump delivery measurements for a programmed delivery rate of 10.8 μL*min-1 resin and 6 
μL*min-1 hardener. 
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Pressurized air was supplied to the posterior inlet using computer-controlled (LabVIEW 
v. 2014, National Instruments) delivery (Ultimus V, Nordson EFD). The air pressure was 
delivered at a constant 60 kPa, which was sufficient to create the condition of distinct droplets of 
mixed fluid traveling down the microchannel (Figure 4.1b-d).  Flow of all healing media (epoxy, 
thiol, and air) was allowed to run for approximately 10 minutes to reach steady state before 
initiating fracture. Healing agent discharge was periodically removed from the area around the 
outlet using Kimwipes® (Kimberly-Clark). 
 Fracture was initiated in quasi-static tension to induce mode-I fracture propagation along 
the mid-ply interlaminar region (Figure 4.5c). The initial pre-crack region (a0) from the hinge-
loading line to the interior ETFE film termination interface was approximately 60 mm. An 
overhead CCD camera (A631fc, Basler AG) with mexapixel lens (LM16HC, Kowa Optimed, 
Inc.) monitored delamination propagation and capture images (1024 × 768 pixels, Mono8) every 
1 s to monitor progression of the crack front. Displacement-controlled crosshead speed was (+) 5 
mm*min
-1
 during loading and (−) 25 mm*min-1 for unloading. Time, load, displacement, and 
time-stamped image data was collected using LabVIEW software. The crack was propagated for 
60 mm in the sample before unloading, clamping the geometry shut and disconnecting the 
reservoirs. Anterior and post anterior inlets were fitted with plugs and regulated air (Marsh 
Bellofram Type 10) was delivered through the posterior inlet at a static pressure of 34.5 kPa for 
12-18 hours at room temperature to allow time for healing before additional cycles of delivery 
and fracture. All additional healing cycles followed the same protocols. Fracture the same 60 mm 
of midplane occurred for each experiment cycle to simulate repeated damage events in a single 
location. The mode-I strain energy release rate (GIC) was calculated by the area method 
described in section 2.3.2.  
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4.3 Air-Assisted Reagent Propulsion Performance 
4.3.1 Mixing of Two-Part Components 
As discussed previously in Section 3.3.2, an alternating pulsed delivery scheme achieved 
high levels of mixing for a two-part healing agent. Mixing was evaluated by introducing 
fluorescent nanoparticles into each component and analyzing confocal fluorescent images to 
calculate a value of the Lacey mixing index. A similar experiment was conducted using the 
simulated crack geometry shown in Figure 4.4. Epoxy-thiol healing agents containing 0.1 wt% of 
either Rhodamine (epoxy) or fluorescein (thiol) fluorescent silica nanospheres (~300 nm 
diameter, section 3.2.4).
[70-71]
 were delivered from adjacent channels into perpendicular 
simulated crack planes 50 µm or 100 µm wide. Two pulsed delivery schemes were investigated. 
The “alternating” scheme consisted of 1 s pulsed delivery of 1.5 μL epoxy component, 3 s delay, 
1 s pulsed delivery of 1 μL thiol component, and a 15 s delay. The “simultaneous” scheme 
consisted of 1s simultaneous pulses of 1.5 µL epoxy and 1 µL thiol components followed by a 
19s delay (Figure 3.3). Both schemes delivered stoichiometric ratios of healing agents at a rate of 
7.5 µL per minute. In addition to the pulsed delivery schemes, the air-assisted delivery scheme 
was tested under the same crack geometry conditions with an approximate flow rate of 5 µL per 
minute.  
Confocal fluorescent microscopy was used to analyze the position of the fluorescent 
nanospheres to gain a direct indication of mixing. The nanospheres were small enough that the 
remained stably suspended in the healing agent and the silica shells prevented the dyes from 
diffusing during a 24-cure process. Confocal images of the filled crack plane revealed the mixing 
of healing agents was highly dependent upon delivery method (Figure 4.7). Pre-mixed controls 
showed a highly uniform distribution of the particles (Figure 4.7a). In great contrast, images 
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from the simultaneous delivery (Figure 4.7b) case showed only a small central region of 
incomplete mixing and two segregated regions of reagents. For alternating delivery (Figure 4.7c), 
a series of concentric rings of healing agents were observed, but reagents remained poorly mixed. 
The air-assisted reagent propulsion approach (Figure 4.7d) achieved superior mixing compared 
to either pulsed delivery scheme, similar to the pre-mixed controls. Although some variability in 
the local ratio of reagents is discernable, the delivered volume from the branched channel 
geometry approximates the appearance of pre-mixed controls.  
The distribution of the dyed nanospheres was evaluated by converting each image 
channel into a binary image (Figure 3.4), overlaying a 50x50 cell grid (cell size ~200 µm x 200 
µm), and calculating cell concentrations of each dye via MATLAB pixel count. Cell 
concentrations were used to calculate the Lacey mixing index (Equation 3.3)
[33]
  which is 
designed to return a value of 1 for a perfectly mixed sample and 0 for a completely segregated 
sample. As shown in Figure 4.8, controls had a value of ~1, indicating nearly perfect mixing. 
Simultaneous delivery led to the lowest mixing index value of ~0.3, and alternating delivery 
resulted in a slightly improved index of ~0.5. In contrast, the air-assisted network achieved very 
high levels of mixing (~0.95). No difference in mixing was observed between the 50 µm and 100 
µm crack separations. 
The current analysis supports prior reports of improved mixing due to alternating 
pressurized delivery.
[14]
 Despite the improvement gained through alternating pressurization, the 
mixing of healing agents delivered through separate vascular networks remains quite poor. The 
air-assisted strategy achieves drastic improvement by delivering components through a single 
channel to counteract the limitations imposed by laminar flow in a crack plane.
[83]
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Figure 4.7 Mixing performance of microvascular systems in a simulated crack plane. The red pixels indicate the 
position of Epon 828 + Epodil 750 blend with 0.1 wt% Rhodamine-containing nanospheres and the green pixels 
indicate the position of Tetrathiol with 1.5 wt% N,N-Dimethylbenzylamine and 0.1 wt% fluorescein-containing 
nanospheres (scale bars = 1 mm). a) Perfectly mixed controls. b) Simultaneous pulsed delivery. c) Alternating 
pulsed delivery. d) Air-assisted reagent propulsion delivery. 
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Figure 4.8 Lacey mixing index for various microvascular delivery methods. Three replicates were performed for 
each combination of delivery scheme and crack separation. Error bars represent 1 standard deviation. 
 
4.3.2 Self-Healing in Double Cantilever Beam Specimens 
In section 2.3.2, a mode-I strain energy release rate (GIC) of 800 J/m
2 
was recorded for 
perfectly mixed, stoichiometric reference specimens healed with EPON 828 + Epodil 750 resin, 
tetrathiol hardener, and N,N-Dimethylbenzylamine catalyst. Using the same DCB test geometry 
and fracture analysis, fracture experiments were conducted to determine the healing performance 
of epoxy-thiol healing agents delivered via air-assisted reagent propulsion.  
As fracture occurred, delamination along the midplane ruptured the undulating channel, 
expulsing healing agent and air into the crack plane. Following 60 mm of fracture propagation, 
samples were unloaded and clamped with binder clips to yield a crack separation of 
approximately 50 μm. Upon clamping, delivery of healing agent droplets through the ruptured 
vasculature was reinstated down the entire length of the vasculature despite 14 distinct channel 
ruptures caused by mode-I fracture. After disconnecting all inlets from attached media, the 
anterior and post anterior inlets were sealed with Luer lock syringe cap fittings and a 34.5 kPa air 
supply was connected to the posterior inlet to continue air-purging of the microchannel. Samples 
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(n = 3) were each tested for a virgin fracture event and 6 additional healing events. Throughout 
testing, the main channel was never observed to clog as a result of healing agent delivery. 
Following a 12-18 hour RT healing period, clamps were removed and healing media re-attached 
to inlets to initiate healing agent delivery using the same parameters as the virgin test. Flow 
properties did not degrade with multiple healing events, although leakage of healing agents was 
occasionally observed from the side of the DCB specimen before fracture indicating the healed 
film did not always fill the entire crack plane in a conformal manner. 
Load-displacement curves for a representative sample are shown in Figure 4.9. Early 
healing cycles were unable to restore the original peak load of the virgin case, but subsequent 
healing cycles eventually surpassed the virgin performance. Although ex-situ measurements of 
syringe pump delivery indicated a near-stoichiometric deliver ratio, in-situ delivery is unlikely to 
have consistently maintained the same proportions. The crack plane also contained some air 
pockets introduced during healing agent delivery and subsequent purging. As the DCB fractured, 
healing agents collected near the crack tip due to capillary forces. Since delivery occurred at the 
channel intersection nearest the crack front, the expulsion of air created noticeable frothing in the 
healing agents collecting at the crack plane. Additionally, some amount of de-wetting of the 
crack plane was observed during the healing period between fracture events as a result of the 
static air pressure. Both of these events reduced the fracture properties of the healed specimens.  
Figure 4.10 shows the average performance for all samples (n = 3, error bars indicate one 
standard deviation). Using the area method outlined in section 2.3.2,
[20]
 a considerable restoration 
of mode-I strain energy release rate is observed for each healing cycle. Using the previously 
defined measure of healing efficiency (ˆ ),[20, 46-47] samples reached a minimum average value of 
77% recovery (cycle 2) and a maximum average value of 113% (cycle 5) for repeated healing 
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tests. Testing consisted of eight samples and all samples completed 3 delivery and healing cycles. 
Four of the samples continued to demonstrate unencumbered flow of both epoxy and thiol 
components through six delivery and healing cycles with sample failure in the remaining 
samples traced to blockages in the main channel (n=1) or anterior inlet (n=3). Cycle-to-cycle 
discrepancies in the healing efficiencies are attributed to inconsistent stoichiometric delivery. 
Control specimens were performed using the same delivery parameters for the healing agents but 
without any air flow. Controls achieved only a single heal cycle of relatively low (40%) healing 
efficiency due to clogging of the un-purged channel. Additionally, much of the crack plane 
remained uncured and wet after an 18-hour healing period due to poor mixing caused by laminar 
flow of healing agents within the channel (Figure 4.2a). 
 
 
Figure 4.9 Load-displacement curves for a representative DCB specimen healed using air-assisted reagent 
propulsion. 
 
Reference tests and variations to delivery protocol were performed to better understand 
the healing performance of air-assisted reagent propulsion fracture tests. The effect of healing 
agent stoichiometric ratio was investigated through a series of reference tests with differing 
ratios of epoxy and thiol components (Figure 4.11). As expected, a stoichiometric ratio of epoxy 
to thiol resulted in the highest fracture toughness (1.5:1 volumetric ratio epoxy:thiol). Volumetric 
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ratios of both 2:1 and 1:1 (epoxy:thiol) achieved fracture energies higher than the virgin values 
despite a substantial deviation from stoichiometric proportions.  Fracture toughness performance 
dropped off sharply once volumetric ratios reached 2.5:1 and 0.75:1. 
 
 
Figure 4.10 Average healing performance over 6 healing cycles represented as a) GIC values and b) healing 
efficiency. The error bars are one standard deviation. The sample size indicates the quantity of samples that 
successfully reached the indicated healing cycle number with unencumbered flow of both healing agent components. 
  
 
 
Figure 4.11 GIC values for epoxy-thiol healing agent tested with the DCB at a range of component ratios. SR 
indicates the stoichiometric ratio. 
 
An additional fracture and delivery protocol was investigated in order to reduce the 
occurrence of healing agent frothing at the crack tip. Samples were fractured as described earlier, 
removed from the load frame, and clamped before initiating flow such that healing agents were 
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delivered to a closed crack plane. For the first few minutes of delivery, only epoxy was observed 
to reach the crack plane since the slower volumetric delivery rate of thiol needed additional time 
to prime the syringe tip and inlet. Delivery was allowed to proceed for 25 minutes following 
observation of both components reaching the main channel. For comparison, an epoxy-amine 
healing agent chemistry (EPON 8132/EPIKURE 3046)
[11, 14-15, 17, 20]
 was investigated in parallel 
with the epoxy-thiol chemistry. The same experimental procedure was followed using 5 mL and 
3mL Becton Dickinson syringes for the epoxy and amine components, respectively (ID of 8.61 
and 11.97 mm to yield a nominal delivery ratio of 1.93:1 to approximate the stoichiometric ratio 
of 1.9:1). The 12-18 hour RT healing period was also altered to accommodate the slower-
reacting chemistry with a procedure of 24 hours at room temperature and 48 hours at 30 °C (see 
section 2.31). 
 The closed crack plane delivery methodology eliminated the frothing action observed 
during with delivery during fracture. However, healing results were relatively limited for both 
chemistries due to poor control over stoichiometry stemming from the time required for hardener 
components to prime the anterior inlets (Figure 4.12). Although channels purged properly and 
allowed multiple healing cycles, testing was abandoned after 4 days (4 cycles for the epoxy-thiol 
chemistry and 2 healing cycles for the epoxy-amine chemistry) due to inferior fracture results 
compared to the in-situ delivery technique. Most importantly, the epoxy-thiol system achieved 
superior fracture results compared to the epoxy-amine system and allowed more rapid data 
acquisition due to its faster cure rate. 
Reference tests were conducted in which stoichiometric and perfectly mixed healing 
agents were injected through the anterior inlet during air flow to induce droplet formation. 
Syringes filled with mixed healing agents were chilled in a refrigerator to slow the reaction and 
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allow enough delivery to fill the crack plane. For a sample size of n=3, a manual air-assisted 
reagent delivery method yielded GIC values of 675 ± 42 J*m
-2
 for a corresponding average 
healing efficiency of 135%. Hence, high healing efficiency with epoxy-thiol healing agents is 
achieved with proper stoichiometry. Given that mixing is excellent for the air-assisted technique, 
discrepancies between reference tests and self-healing tests appear to be due to both incomplete 
fill of the crack plane and poor control over stoichiometric delivery. 
 
 
Figure 4.12 Fracture results for air-assisted reagent delivery to closed crack planes for a) epoxy-thiol healing agents 
(n=4) and b) epoxy-amine healing agents (n=3). The healing efficiency values (ˆ ) of each cycle are indicated above 
the corresponding bar. 
 
  
4.4 Summary 
 An air-assisted reagent propulsion scheme was demonstrated to improve the mixing of 
two-part healing agents in a microvascular self-healing composite. T-junction microfluidic 
devices were constructed in which pressurized air propelled droplets of healing agent down the 
microchannel to the site of damage. Mixing by this technique far exceeded levels attained using 
microvascular methods previously described in the literature,
[18-19]
 and the method has potential 
for more autonomous implementation than dynamic pressurization of healing agent reservoirs. 
Healing was accomplished for multiple cycles as the air continuously purged the microchannel 
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clear of mixed fluid to allow repeatable delivery after each heal event. Performance of the system 
was limited by air entrapment within the healing agent and by an inability to properly maintain 
stoichiometric ratios of components. Although the air-assisted reagent propulsion failed to 
consistently match the fracture performance of reference tests using the same healing chemistry, 
some tests demonstrated healing efficiencies in excess of 190%. Further refinement of this 
system is likely to yield improved results. More precise control over delivery rates of each 
healing agent component or a healing agent chemistry more forgiving of stoichiometric 
imbalance is expected to improve the fracture properties of the air-assisted reagent propulsion 
scheme. 
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CHAPTER 5 
CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 
 Two significant challenges related to microvascular self-healing systems were studied 
and addressed. First, large damage volumes in microvascular systems were investigated to 
determine the limitations of recovery size in self-healing materials. Fluid deposition behavior 
arising from the force balance of surface tension and gravity were studied in order to devise a 
method to counteract these inherent limitations to healing agent deposition. 
 Although polymer resin (epoxy-based) healing agents possess excellent mechanical 
properties, reaction kinetics are relatively slow and may require multiple hours or days at 
elevated temperature. In stark contrast, many sol-gel systems react very rapidly or even 
instantaneously to transition from a low viscosity liquid to a soft gel, but do not possess the 
mechanical robustness to heal a structural solid. A new healing agent system was devised to 
combine the benefits of these two systems. The two-stage chemistry implemented has a short 
(~30 s) induction time whereby a sol-gel transition takes place followed by a second 
polymerization (> 1 hour) to convert the gel into a structural solid.  
 Due to its rapid gelation, the two-stage healing agent is able to mimic growth by an 
accretive process to regenerate large damage volumes. Cylindrical damage geometries spanning 
up to 11.2 mm were recovered by modulating delivery protocol, sample geometry, surface 
wetting, and microvascular platform, which constituted a 197% increase in recovered area as 
compared to non-gelling controls. Additionally, a new confocal technique for quantitatively 
assessing the mixing efficiency of microvascular systems was introduced and implemented to 
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optimize the cadence of a delivery scheme in which the two parts of healing agents were 
pressurized in an alternating fashion. 
 A second major challenge confronting microvascular self-healing materials deals with 
mixing. By implementing a microfluidic technique and an air-mediated delivery system, 
complete mixing of healing agent components was accomplished in-situ while maintaining 
precise control over stoichiometry and volumetric delivery rate. For self-healing experiments, it 
was observed the air media continuously purged the delivery channel clear of mixed healing 
agents, while the reagents themselves remained within the crack plane of a vascularized 
composite DCB sample. Multiple healing cycles of high efficiency were observed, although 
better control over delivery rates and stoichiometric balance are needed to further this approach. 
 
5.2 Future Work 
5.2.1 Healing Agent Selection and Design 
 No selection criteria presently exist for the assessment of appropriate healing agents, and 
although a large number of chemistries have been published,
[3]
 the benefits and detractors of 
each system remain unclear. Although largely application dependent, general guidelines 
pertaining to chemical and physical properties such as temperature range, cure time, surface 
energy, viscosity, fracture toughness, hardness, modulus, and chemical resistance need to be 
organized and assembled. Furthermore, a standardized test platform would better serve the 
academic community by ensuring results from all research institutions are directly comparable.
[87]
  
For example, when healing efficiency is defined as the ratio of recovered fracture toughness to 
virgin fracture toughness an artificially low virgin fracture toughness will boost the healing 
efficiency. Although any peer-reviewed publication should contain both sets of information, a 
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more transparent approach with a standardized sample construction and geometry would mitigate 
any confusion. 
 For microvascular applications, a good healing agent possesses low viscosity, tunable 
response time, reasonable reaction kinetics, high fracture toughness, thermally stable 
performance both above and below room temperature, robust chemical resistance, and must be 
available in gram-quantity scales for research applications. Additionally, healing agents must be 
stable until a damage event triggers the chemical response. For two-part healing agents, 
successful implementation also requires stoichiometric-forgiving compositions or delivery 
systems that stimulate mixing. 
 Epoxy-thiol systems provide an adequate solution to many of the requirements listed 
above. The research in this dissertation investigates the properties of several formulations 
(Section 2.3.2) in which the epoxy and catalyst components are modulated. The tetrathiol “cross-
linker” component was the only thiol used for these experiments, primarily because it is the only 
commercially available tetrafunctional thiol, and was the most common thiol found for epoxy 
applications during literature review.
[49, 51-53]
 The flexible structure of the tetrathiol influences 
final cure Tg, modulus, and other properties. An in-depth investigation into structure-property 
relationships (computationally or experimentally with new thiol syntheses) will lead to better-
performing healing agent systems. 
 
5.2.2 Regeneration 
 True regeneration requires that the regrown material matches the properties of the native 
material. Given that cure rate is severely limited once Tg reaches the cure temperature,
[32]
 a 
microvascular-delivered healing healing agent will be unable to match the high Tg, high modulus 
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epoxy such as Araldite/Aradur 8605 under ambient cure conditions. Although systems involving 
microvascular heating have been shown to assist expedite healing agent cure times,
[19]
 synthetic 
angiogenesis is not yet possible so any regenerated polymer mass will be avascular and difficult 
to heat. 
 Another technique for effectively reducing Tg is to solvate a polymer network.
[88]
  Similar 
to the way biological systems swell in response to injury, microvascular systems could be 
designed to solvate and swell the damage region. This would increase molecular mobility and 
enable a higher degree of cure and higher Tg for a curing healing agent. After sufficient time had 
passed to obtain adequate cure, swelling would reduce through means such as solvent 
evaporation or microvascular withdraw to yield material similar in composition and properties to 
the original structure.  
 
5.2.3 Advanced Microfluidic Delivery Platforms 
 The air-assisted reagent propulsion technique was established but not mastered in the 
work presented in this dissertation. Enterprising academics could further this approach through 
enhanced fabrication and delivery protocols. Solvent welding is an unreliable technique to create 
consistent interconnects between inlets and the main channel, but other thermo-forming 
techniques such as injection molding could create vascular patterns with consistent morphology 
using the same catalyst-filled PLA precursor material described in this work. Delivery of liquid 
healing agents was also limited by the syringe pump technique. As the syringe pump depresses 
syringe plungers, the pressure of reagent inlets slowly builds up until equilibrium is reached. 
However, a system in which direct pressurization was used to deliver healing agents would 
achieve an equilibrium instantly and slight changes in the pressurization could better controls 
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delivery ratios than what is possible with the syringe pump. Flow rates sensors for microfluidic 
applications are becoming more available, which could be seamlessly integrated through 
LabVIEW to monitor and control stoichiometry of two-part systems. In order to mitigate 
expulsion of healing agents from the crack plane, super-phobic channel coatings could eliminate 
wetting of the channel walls and reduce the air pressure required to create distinct healing agent 
droplets to aid in healing agent retention. Finally, the approach could be expanded quite easily to 
study the ability of this system to other damage modes such as impact. 
The full potential of harnessing surface energy in self-healing applications has not yet 
been realized. Surface wetting (Section 3.3.4) is among the most basic ways to leverage surface 
tension, and this elementary example only begins to tap the vast potential to develop new 
applications centered on this intrinsic physical property. Surface modification could leave to 
selectively wetting microchannels such that multiple components could be delivered through the 
same conduit without meeting or mixing (unless meeting or mixing are desired).
[89]
 By creating -
phobic channels and -philic deposition surfaces, forced microvascular delivery could be achieved 
without the need for pressurized systems or gravity-fed apparatus. 
Some preliminary work was conducted on creating super-phobic channels in microfluidic 
devices as an ancillary (but not fully realized) feature of the Air-Assisted Reagent Propulsion 
work (Chapter 4). Microfluidic chips were fabricated by using machined aluminum mold masters 
(Figure 5.1a) to construct silicone rubber (RTV630, Momentive) molds (Figure 5.1b). After 
curing, the silicone rubber molds were heated at 150 °C for 3 hours to prevent further outgassing. 
Epoxy resin (EPON 828, EPIKURE 3230, Momentive) was cast into the silicone molds and 
allowed to cure at room temperature for 24 hours followed by a cure at 50 °C for 8 hours to yield 
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an epoxy substrate approximately 2 mm thick with square-shaped channels (350 μm x 350 μm) 
arranged in a dual T-junction format (Figure 5.1c). 
 
 
Figure 5.1 Construction of microfluidic chips for super-phobic coatings studies. a) Aluminum mold master. b) 
Silicone rubber mold. c) Epoxy chip substrate. Scale bars = 10 mm. 
 
 The channels needed to be encased in order to facilitate flow. This was accomplished by 
masking the substrate with tape, leaving only the channels and the surface within 0.5 mm of the 
channels exposed. The exposed channels were then sprayed with Ultra-Ever Dry® coating. A 
mirror image of the vasculature was masked onto a 1.0 mm thick epoxy cover sheet and also 
sprayed with Ultra-Ever Dry® coating and both pieces were allowed to dry. A high surface 
energy (~45 dynes/cm) epoxy-thiol adhesive (section 2.3.4) was formulated to bond the substrate 
and cover sheet. The tape mask was removed and the mixture (EPON 828 + Epodil 750 [75 wt% 
+ 25 wt%] blend, tetrathriol, and 1.5 wt% N,N-dimethylbenzylamine catalyst) was applied to the 
uncoated surface of the epoxy substrate. The cover slip was placed on top of the substrate with 
care taken to align the coated portions of each, and the combined chip was placed between glass 
sheets, clamped, and allowed to cure. The super oleophobic Ultra-Ever Dry® prevented the 
epoxy-thiol adhesive from wetting the channels and clogging the chip during cure. This 
fabrication process resulted in a chip with oleophobic-coated channels with square cross-sections. 
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 The super-oleophobic chips successfully demonstrated resistance to wetting of the 
channel walls on select specimens and the “vascular network” fabricated by this method held a 
geometric repeatability not possible with hand-fabricated PLA techniques. However the 
substrate-cover fabrication method also suffered from a number of drawbacks. First, chip size 
was limited to relatively small sizes (less than 50 mm x 50 mm). Larger chips failed to clamp flat, 
and fluids leaked from the interface between the substrate and cover rather than remaining 
contained within the channel. Second, throughput was exceedingly low because although 
channels contained a super-oleophobic coating, excess adhesive sometimes leaked into the 
channels to block the vascular pathway. The most important limitation with this approach deals 
with its scalability and application to self-healing structures. This fabrication approach is not 
compatible with incorporation into a fiber-reinforced composite and all attempts and fabricating 
junctions between chips and vascular composite structures (fabricated independently via PLA 
and VaSC) were unsuccessful. 
 The ideal solution to these challenges would be to apply super-oleophobic coatings to 
chips constructed via VaSC. This was attempted using pressurized delivery of Ultra-Ever Dry® 
solutions through vasculature. Two solvent-resistant one-way (check) valves (2 PSI activation 
pressure, SmartProducts) were connected via laboratory tubing (1.59 mm inner diameter, 
HelixMark®), a y-junction connector, and a syringe tip to the posterior inlet of a t-junction 
device. One of the check valves was connected to a syringe reservoir containing Ultra-Ever 
Dry® coating solution and the other was connected to a reservoir containing only air. Pressure 
was alternated between the check valves via computer-controlled pressure boxes (Ultimus V, 
Nordson) such that a 1-s delivery of coating solution (~200 μL) was followed by 30s of regulated 
(30 PSI) delivery of air. Successful coating of the channel interiors was observed by improved 
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wetting resistance of the channels with both water and high surface energy healing agents. 
Unfortunately, VaSCed T-junction devices coated in this manner were not observed to result in 
enhanced flow as droplets of fluid still adhered to the channels interior surfaces. In contrast, 
square-channeled devices (constructed using the substrate-cover method without the masked 
spraying step) coated using the check valve approach were observed to function similar to those 
coated by masked spraying. It is unclear whether remnants from the VaSC process hindered Air-
Assisted delivery or the difference in channel geometry better accounts for the discrepancy in 
performance. The check valve approach could be widely applicable to applying solvent-based 
coatings to vasculature, but further refinement is required to determine whether coatings 
fabricated by this technique are conformal and repeatable. 
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APPENDIX A
§§***
 
AUTOMATIC CRACK TRACKING 
Interlaminar fracture poses one of the greatest performance concerns for laminated 
composite materials, limiting reliability and leading to premature catastrophic failure.
[91-93]
 The 
DCB specimen provides a convenient experimental platform to evaluate resistance to 
delamination, i.e. fracture toughness, for a variety of composite materials and lay-up 
sequences.
[34, 91-95]
 A set of comprehensive guidelines for laminated composite DCB sample 
fabrication, fracture testing, and data analysis is found in ASTM D5528.
[34]
 Although the 
standard test method is reliable, ASTM D5528 requires manual crack length measurements for 
each GIc calculation. As a mid-plane delamination traverses through the DCB, crack length is 
optically determined from hand-marked delineations along the side of each sample. Continuous 
crack length data are not obtained by this method because the delineations are discrete and 
widely spaced (5 mm). The visual inspection of the ASTM standard is time intensive and 
potentially subjective. 
 The need for continuous and automated crack length measurements has driven the 
development of alternative techniques for improving measurement resolution and 
accommodating rapid crack propagation rates. Resistance-based methods implement a 
conductive thin film such as graphite on the side of fracturing DCB samples. A linear decrease in 
conductance occurs as the crack length increases which enables electronic monitoring of crack 
propagation.
[96]
 Time-Domain Reflectometry (TDR) sensors have also been used to successfully 
calculate crack length from the reflected pulse time-shift that occurs as a crack front passes 
between a signal and ground plane.
[97]
 Polymer matrix composites are not typically conductive so 
                                                 
§§ Portions of the text and figures presented in this section have been reproduced from published work .[90] 
*** Automatic crack tracking work was conducted in collaboration with Jason Patrick. 
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electrical traces must be incorporated into the samples for conductance or TDR techniques.  
Yoon et al. attached optical fibers to a DCB specimen and crack length was determined 
indirectly by using Brillouin scattering to measure the strain distribution.
[98]
 Although less 
intrusive to sample fabrication, this method was limited to a spatial resolution of 9 mm. Each of 
these approaches possesses the benefit of providing a more continuous data set than ASTM 
D5528, but the requirement for specialized sample fabrication is undesirable and any potential 
alternative should match or surpass the accuracy of the current standard. 
 Automated optical inspection known as “machine vision” has been implemented for a 
variety of applications including quality control of food, microelectronics, and civil 
infrastructure.
[99-101]
 Machine vision systems typically use a CCD to record images of a subject. 
The image then undergoes a post-processing step and subsequent analysis to determine some size, 
shape, or quality characteristic. The concepts of machine vision have also been applied to crack 
detection and measurement. Gao et al. applied a gray level threshold technique to automatically 
track fatigue crack growth in a compact tension specimen.
[102]
 To address the problem of 
automatically identifying cracks on complex surfaces, Song et al. used Wigner distribution 
modeling to analyze images and detect cracks on randomly textured surfaces.
[103]
 However, both 
techniques require either specialized programming or additional equipment, which limits their 
broader application. Here, a method of automatically tracking and measuring cracks is herein 
introduced for E-glass fiber-reinforced composite DCB specimens. The technique does not 
require any changes to standard sample preparation. Striving for compatibility with ASTM 
D5528, our automatic tracking system only requires the addition of a CCD imaging system and 
light source to the typical test setup. Simple reconfiguration of commercially available software 
controls both the mechanical testing equipment and image processing for accurate crack length 
 99 
 
measurements. The software obtains continuous crack length data in real-time with higher spatial 
resolution than the accepted standard. 
 
A.1 Experimental Procedure 
Sixteen plies of an 8-harness satin weave E-glass fabric (Style 7781, Fibre Glast 
Developments Corp.) are stacked in a [90/0]8 layup sequence. An ETFE film (25 μm thick) is 
placed between mid-plies (8/9) serving as a pre-crack. Epoxy resin infiltration (Araldite 
LY/Aradur 8605, 100:35 by wt., Hunstman Advanced Materials LLC) is achieved via Vacuum 
Assisted Resin Transfer Molding (VARTM) at 38 Torr (abs) until complete fabric wetting and 
then decreased to 76 Torr (abs) for 36 hours at room temperature (RT) until resin solidification. 
The fiber-composite panel is post-cured for 2 hours at 121°C and 3 hours at 177°C. DCB 
samples are cut using a diamond-blade wet saw from the 4 mm thick panel to approximately 25 
mm wide and 150 mm long (60 mm ETFE, 90 mm neat). Brass hinges (25 mm x 25 mm, 
McMaster-Carr) are bonded to outer composite faces on the pre-crack end using a high-strength 
structural adhesive (Scotch-Weld
TM
 DP 460, 3M
TM
) and allowed to cure for 48 h at RT to ensure 
sufficient bond-strength before testing. One side (4 mm x 150 mm) of the DCB sample is spray 
painted matte white (Shock White Acrylic, Montana Gold) and allowed to air-dry at RT for 48 h. 
5 mm delineations are marked on the painted side beginning 5 mm from the interior pre-crack 
interface and extending to the free end of the sample. 
Each of the DCB specimen cantilever arms are loaded through the bonded hinges in 
displacement-controlled quasi-static tension to induce mode I fracture propagation along the 0° 
mid-ply interlaminar region (Figure A.1). The initial pre-crack region (a0) from the hinge-loading 
line to the interior ETFE film termination interface is approximately 47 mm. Crosshead speed is 
 100 
 
(+) 5 mm/min during loading and (-) 25 mm/min for unloading. Overhead and side CCD cameras 
(A631fc, Basler AG) with mexapixel lenses (LM16HC, Kowa Optimed, Inc.) are mounted in the 
testing area to monitor delamination propagation and record grayscale images (1024 x 768 pixels, 
Mono8) every 2 s. This provides an adequate image set to determine crack length at each of the 5 
mm delineations for an average crack propagation rate of 5.8 mm/min. Time, load, displacement, 
and time-stamped image data for crack-length correlation are collected using LabVIEW (v. 2009, 
National Instruments) software. 
 
 
Figure A.1: a) Image of experimental setup showing the light source and the overhead and side-mounted CCD 
cameras; b) Photograph of DCB sample during fracture test; c) Schematic of DCB sample with labeled test variables. 
 
For comparison purposes, both manual and automatic crack tracking techniques are 
implemented for each DCB fracture test. Manual measurements are logged according to the 
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guidelines in ASTM D5528. A time-stamped digital image sequence is acquired during the 
fracture test by the side-mounted CCD and used to manually determine crack length from the 
discrete 5 mm crack length delineations along the side of the sample. The timestamp of the 
image correlates crack position with load and displacement data for subsequent fracture 
toughness GIc analysis. 
Automatic measurements are acquired by placing a fiber-optic light source (Dolan Jenner: 
QVABL48 with illuminator DC-950) under the DCB specimen and monitoring crack 
propagation from an overhead mounted CCD. The translucent E-glass fabric/epoxy matrix 
composite allows the backlight to provide uniform illumination of the DCB sample. As the 
fracture test proceeds, delamination between middle plies of the sample causes an apparent 
contrast difference between the intact (lighter) portion of the sample and the fractured (darker) 
portion due to scattering from the reflective crack plane.
[104]
 The overhead CCD captures images 
which are fed into the same computer program that controls the mechanical testing equipment. 
The machine development module in National Instruments LabVIEW software is used to 
construct a specialized subroutine to continuously monitor and automatically measure the crack 
length from calibrated optical images (Figure A.2).  
 
 
Figure A.2: Flowchart of automatic crack tracking and fracture testing computer program. 
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Crack position is detected based on the intact/fractured contrast differences via machine 
vision image processing functions. The program searches within a defined region of interest 
(ROI) to locate the end of the sample and the leading edge of the crack to calculate the crack 
length, 
𝑎 = 𝑎0 + 𝑎𝑓 − 𝑎𝑚                                                           (A.1) 
where a is the total crack length, a0 is the precrack length, af is the available fracture length, and 
am is the optical measurement length (Figure A.3a).  The software collects image and load-
displacement data at a frequency of approximately 10 Hz.  The gain of the CCD is programmed 
to automatically adjust in order to maintain consistent mean gray level intensity for each image. 
Without gain adjustment, image brightness may change to an extent that disrupts edge detection. 
 
 
Figure A.3: a) Schematic of edge detection measurement system. The edge detection algorithm sweeps from left to 
right searching for edges in the region of interest (ROI). The software overlays lines for the ROI (green), edges 
detected (red), and center of the search region (blue). The pixel distance between the two detected edges (am) is used 
to calculate the crack length from the calibration factor. b) Crack size as a function of crosshead displacement for 
50.8 mm reference sample. The “no calibration” shows an artificial crack length increase as the sample moves closer 
to the camera. Both calibration adjustment methods (real-time and linear-fit) correct for this artificial increase. 
 
An optical calibration factor (OCF) is initially determined as a mm per pixel ratio at the 
beginning of each test. The software calculates OCF from user-input sample dimensions and the 
pixel distance (measured via edge detection) between the pre-crack and the end of the DCB 
specimen (af, Figure A.3a). The OCF requires in-situ adjustment during fracture tests since the 
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distance between the overhead CCD and upper surface of the DCB sample decreases as 
crosshead displacement of the load frame proceeds. As displacement is initiated, samples appear 
larger and thus, the original OCF becomes invalid. A baseline “reference” test is performed using 
an intact DCB specimen with a 50.8 mm length of black paper attached to the dorsal surface to 
simulate a constant crack length. The reference is clamped in the top grip only and raised toward 
the overhead CCD with a total crosshead displacement of 50 mm.  As the sample moves closer to 
the CCD, the detected edge moves pixel-by-pixel and the measured crack length shows an 
artificial increase of more than 10% (Figure A.3b). Due to this artificial increase, the OCF must 
be updated throughout the fracture test to ensure accurate crack length measurements.  
OCF adjustment is performed by two separate in-situ methods. A “real-time calibration” method 
adds a second edge detection subroutine to measure the pixel width of the sample. Each new 
image recalculates the OCF from the real-time pixel width of the sample and the known sample 
width, which is input by the user before starting the program. A second “linear-fit calibration” 
method is implemented using data acquired from the reference sample, which exhibits a nearly 
linear increase in uncorrected crack length over the displacement range investigated. A least 
squares linear regression is performed to fit an analytical “calibration” curve to the data. The 
regression analysis for the data reported herein indicates a decrease of 2.84x10
-4
 mm/pixel in 
OCF is necessary to maintain proper calibration for each mm of crosshead displacement. As long 
as the camera position and lens focus remain unchanged, this adjustment holds constant for all 
fracture tests in this investigation. The linear-fit calibration method automatically applies the 
OCF adjustment during the fracture test based on crosshead displacement readings. Calibration 
adjustment methods are verified with the reference sample up to a displacement of 50 mm 
(Figure A.3b). Since DCB specimens in actual fracture tests are clamped to both top and bottom 
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test fixtures, the sample mid-plane only moves by one half the crosshead displacement. 
Therefore, the calibration adjustments are valid up to a total crosshead displacement of 100 mm. 
A significant improvement in measurement accuracy occurs with both OCF adjustment 
methods. Measurements of the 50.8 mm reference sample averaged 50.92 ± 0.34 mm (within 
0.7%) for the real-time calibration and 50.81 ± 0.15 mm (within 0.3%) for the linear-fit 
calibration method. Although both correction methods result in sub-mm accuracy, the error from 
real-time calibration is double that of the linear-fit calibration. The error approximates 2 pixels 
for the real-time calibration and 1 pixel for linear-fit calibration. This difference is a result of the 
real-time calibration method requiring two edge detection subroutines; one for calibration from 
specimen width and the other for crack length measurement. The linear-fit calibration method 
only requires one edge detection subroutine for the crack length measurement. The error occurs 
due to pixel shifts that occur during the edge detection process, resulting in double the error for 
the real-time calibration since it uses two edge detection functions. 
An increase in camera resolution over the current 1024 x 768 pixel would decrease the 
error for each calibration method. The discrepancy between the calibration adjustment methods 
would also be reduced with increasing resolution. With higher resolution, the mm/pixel 
calibration factor would be lower and thus the difference between 2-pixel error and 1-pixel error 
would decrease. Although the real-time calibration is unaffected by small adjustments to test 
setup, the linear-fit calibration requires camera position and focus to remain constant after 
determining the OCF adjustment rate. Thus, an appropriate choice of optics is critical. For a 
fixed focus lens, verification of adequate depth of field is required over the entire range of 
sample displacement since edge detection may become less reliable as focus deteriorates. 
Because all DCB samples in our series of experiments were completely fractured before reaching 
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the 100 mm displacement range (validated by the reference sample), the optics were sufficient 
for all tests reported herein. The linear-fit calibration method is used for subsequent comparisons 
to ASTM D5528. 
Calculations of mode I critical strain energy release rate (GIc) are performed according to 
ASTM methodologies.
[34]
 GIc calculations from discrete (5 mm delineations) and continuous 
crack-length measurements are computed according to modified beam theory (MBT): 
𝐺𝐼𝑐 =
3𝑃𝛿
2𝑏(𝑎+|∆|)
                                                              (A.2) 
where P is the applied load, δ is the crosshead displacement, b is the specimen width, and |Δ| is a 
correction factor to account for non-zero rotation at the delamination front. This correction factor, 
|Δ|, is defined as the absolute value of the x-intercept of the line generated from a least squares 
plot of the cube root of compliance, C
1/3
  ≡ (δ/P)1/3 versus crack length (ɑ).5  
 
A.2 Comparison with Manual Methods 
 Our dual-camera setup allows direct comparison of the proposed automatic crack-
tracking method to manual measurements recommended in ASTM D5528. Representative 
overhead and side images of a DCB sample during testing are shown in Figure A.4. The 
automatic tracking successfully follows the edge of the crack front as the mid-ply delamination 
propagates. A representative load-displacement curve is shown in Figure A.5. Due to an image 
processing loop speed of approximately 0.1 s, the crack tracking software records the crack 
position 10 times per second with sub-mm resolution. By comparison, the side-mounted CCD 
recorded images for the ASTM D5528 method were acquired at a rate of one image every 2 
seconds. Although faster image recording rates are possible, data management and storage 
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becomes a concern for long duration tests. The automatic tracking approach removes the need to 
retain image files since crack length measurements occur on-the-fly. 
 
 
Figure A.4: Overhead (left) and side (right) images of fracturing DCB specimen at crack lengths 20 mm (a, b); 50 
mm (c, d); and 80 mm (e, f). The red lines in overhead images indicate the location of detected edges. The line on 
the left indicates the end of the sample and the line on the right indicates the location of the crack front (scale bar = 
10 mm). 
 
While the automatic tracking software improves the ease and acquisition rate of crack 
length measurements, it also records slightly higher crack lengths than those obtained using 
ASTM D5528 (Figure A.5). Discrepancies of approximately 1.5-2.5 mm are observed over the 
entire range of crosshead displacement. Sources of error related to the experimental technique(s) 
were investigated to explain this disparity. 
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Figure A.5: Representative load-displacement behavior of DCB specimens and crack length measurement showing 
slightly higher values for the automatic tracking technique as compared to the manual ASTM D5528 method. 
 
In the ASTM D5528 method, the delineations spaced 5 mm apart are hand drawn onto 
the side of the sample. Each of the hand-marked delineations approaches 1 mm in width, 
resulting in a standard accepted ± 0.5 mm uncertainty in crack tip position. Hand markings are 
also difficult to place precisely during sample fabrication. 
The experiment operator must next visually determine when the crack has reached the 
delineation from a series of photographs. The exact position of a crack tip is often difficult to 
determine, and thus the time at which it reaches each delineation is subjective. However, 
measurement errors arising from sample preparation and subjective visual analysis has been 
determined acceptable from round-robin testing reported by ASTM.
[34]
 
 A more dominant source of error results from the slightly curved shape of the 
delamination front (Figure A.6a). Davidson previously reported anticlastic (transverse) bending 
of a DCB causes an uneven distribution of critical strain energy release rate (GIc). The uneven 
distribution is highest in the center of the sample resulting in a “thumbnail” crack profile.4 Crack 
lengths determined from side observation of the DCB sample will thus be shorter than those 
recorded by the overhead, automatic edge detection software. Because the software performs an 
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edge detection sweep starting from the free end of the DCB sample, the apex of the crack front is 
reached first, and recorded as the crack position (Figure A.6a). 
 
 
Figure A.6: a) “Thumbnail” crack curvature showing the physical difference (ς) in crack length measured from the 
apex and side of the sample (scale bar = 5 mm); b) Crack measurement disparity between apex and side detection 
methods. The average disparity is the difference between ASTM D5528 and the automatic, linear-fit calibration 
methods for a representative sample. 
 
   Figure A.6b shows the crack length disparity for a representative sample. The crack 
fronts of overhead images are individually analyzed at each of the discrete (5 mm) crack 
delineations to determine the physical difference in position between the crack front apex and the 
crack tip position at the side of the sample. The physical difference between measurement 
methods ranges between 1.2 and 2.6 mm greater at the apex of the crack front as compared to 
crack length measured at the side of the sample as determined from overhead images (Figure 
A.6b). For the same sample, an average disparity of 2.0 ± 0.4 mm is observed for linear-fit 
versus ASTM D5528 methods with no detectable trend with respect to displacement. The 
average disparity (over all 4 specimens) in crack length between ASTM D5528 manual 
measurements and the linear-fit calibration method is 1.8 ± 0.6 mm. The shape of the crack front 
appears to be the responsible source of discrepancy between the two methods. Previously 
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reported sample configurations such as alternate pre-crack geometries could be used to straighten 
the crack front and reduce this effect.
[105]
 
 Modified beam theory (MBT)
[95]
 calculations of GIc are shown for a representative 
sample in Figure A.7. ASTM D5528 manual and linear-fit automatic calibration crack 
measurement methods yield GIc values 429 ± 3 and 423 ± 4 J/m
2
, respectively, across the entire 
delamination length. Neither method is consistently higher nor lower over the entire range of 
crack lengths; however, the average GIc is higher for the ASTM D5528 measurements in all 
samples due to lower crack measurement values obtained from the side images. Figure A.8 
shows the average of GIc for all 4 specimens tested with both ASTM manual and linear-fit 
calibration automatic crack tracking methods. Despite averaging nearly 2 mm disparity in crack 
length, the two methods differ in GIc by less than 1%. Thus, the automatic crack tracking 
technique and ASTM D5528 provide comparable data for mode I fracture toughness evaluation 
of composite DCB specimens. 
 
 
Figure A.7: GIc calculated from Modified Beam Theory (MBT) for manual crack length measurements according to 
ASTM D5528 and the automatic, linear-fit calibration method for one representative sample. 
 
While discrepancy is marginal in these experiments, the automatic crack tracking method 
can be considered more conservative than ASTM D5528 because the apex of the crack front 
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yields a larger crack length and reduces the calculated value of GIc. Measurement differences 
could be more significant for multidirectional layup sequences that yield greater crack front 
curvature.
[106-107]
 Future iterations of the crack measuring subroutines could also be adapted to 
account for crack front curvature by determining a maximum, minimum, or mean delamination 
length. 
  
 
Figure A.8: Average GIc calculated via MBT from manual crack length measurements performed according to 
ASTM D5528 and the automatic, linear-fit calibration method. (Inset) Magnified data subset showing overlap of 
error between methods (error bars represent the standard deviation for 4 samples calculated at each 5 mm crack 
length interval). 
 
 Automatic crack tracking in DCB specimens via edge detection software and an overhead 
CCD camera is simple, reliable, and accurate. Automatic tracking provides a more continuous 
crack length data set with superior spatial resolution of 0.15 mm (1 pixel) compared to the 
accepted standard with 5 mm crack delineation spacing and ± 0.5 mm measurement uncertainty. 
The experimental setup is also highly adaptable and inexpensive to implement as it involves 
minimal equipment additions and is compatible with traditional composite DCB specimen 
fabrication.  
 The introduced experimental technique is currently limited to translucent samples, such 
as glass fiber-reinforced composites. The correct combination of lighting and sample preparation 
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could allow subsequent versions of the program to achieve automatic crack tracking from the 
side of the sample. By incorporating techniques previously reported on the subject of crack 
detection,
[100-101]
 our methodology could be enhanced to detect cracks over a wider range of 
lighting conditions, test geometries, loading rates, and material constituents. Superior image 
post-processing of grayscale contrast differences would make less obvious cracks, i.e. those on 
the side of a DCB sample (Figure A.4), easier to track and thus extend the applicability of this 
method to opaque samples such as carbon fiber-reinforced composites. Moreover, the 
customizable nature of LabVIEW and similar software packages provides a pathway to 
implement on-the-fly fracture toughness calculations that would eliminate the need for post-
processing data.   
  
 112 
 
APPENDIX B
†††‡‡‡
 
VASCULARIZATION VIA MELT-PROCESSED AND 3D-
PRINTED POLY(LACTIC ACID) 
 
Esser-Kahn et al.
[86]
 recently introduced the vaporization of sacrificial components 
(VaSC) technique. In this work, 1D poly(lactic acid) (PLA) fibers were treated with tin (II) 
oxalate (SnOx) catalyst to undergo thermal depolymerization and vaporization at ≈200 °C. After 
embedding “sacrificial” PLA in a thermoset composite and subsequent thermal treatment, the 
fibers vaporized, forming an inverse replica structure resembling vasculature. By introducing 
various functional fluids into the microvasculature, desirable properties were imparted on the 
composite, such as thermal regulation, magnetic or electrical modulation, and in-situ reaction of 
chemical species. In this work, a 3-dimensional branched vascular sacrificial template is 
generated via 3D printing of melt-processed PLA. The resulting inverse structure is analyzed for 
flow rate experimentally and computationally. 
 
B.1 PLA Filament Preparation 
PLA and SnOx catalyst (Sigma-Aldrich) were melt-compounded using a twin screw 
batch compounder (Plasti-corder EPL V5501 equipped with measuring head, C. W. Brabender). 
Catalyst was sieved to remove particles larger than 53 μm. The compounder was preheated to 
170 °C. The screw rotation speed was set to 15 rpm; PLA pellets (50 g, Ingeo 4043D) were 
slowly added and allowed to melt while mixing. Catalyst (2.5 g SnOx) was slowly added, the 
chamber was closed, and mixing proceeded for 10–15 min. The melt compounded precursor 
                                                 
††† Portions of the text and figures presented in this section have been reproduced from published work.[108] 
‡‡‡ Vascularization work with poly(lactic acid) was conducted in collaboration with Jason Patrick, Ryan Gergely, and Stephen 
Pety. 
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material was extracted and cut into fragments while the polymer was still warm and pliable. The 
sacrificial material was stored in a vacuum desiccator to prevent moisture absorption 
until further use. 
Melt-compounded precursor material (20 g) was dried under vacuum at 70 °C for at least 
6 h. A modified fiber extruder was preheated to 175 °C, and approximately 40 g of material was 
loaded into the magazine. Filament for 3D printing (FDM) (≈3 mm diameter) was fabricated by 
extruding through a brass spinneret extension (75 mm long) with a 2.5 mm inner diameter into a 
RT water column. Resulting filaments of sacrificial material ranged from 2.4 to 3.1 mm diameter, 
within printable tolerances for the FDM equipment. A detailed description of the process and 
apparatus can be found in the PhD thesis of Jason Patrick.
[109] 
 
B.2 Tree-like Branched Structures 
 Freestanding sacrificial templates were printed using a desktop FDM (AO-100, Lulzbot). 
A solid model of the geometry was created via CAD (SolidWorks v.2011, Dassault Systèmes) 
and converted to stereolithography (STL) data format. The STL file was then converted to 
printable G-code using open source software (Slic3r v0.9.10b). The print file was sliced into 322 
layers, which took approximately 1 h to print with a 75% infill. Printing was conducted with a 
nozzle diameter of 0.35 mm, a nozzle temperature of 180 °C, and a bed temperature of 82 °C. 
The printer bed was covered with polyethylene terephthalate tape and roughened with light 
sanding to enhance surface adhesion of the printed material. A branching structure with a largest 
diameter of 10 mm and a smallest diameter of 1.5 mm was printed (Figure B.1) using filament 
feedstock with 5 wt% SnOx catalyst. The sacrificial template was embedded in epoxy 
(Araldite/Aradur 8605 from Huntsman Advanced Materials LLC cured for 30 hours at RT = 
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21 °C followed by 8 hours at 121 °C) and subjected to VaSC (200 °C in a vacuum oven of ~12 
Torr) to form the tree-like vasculature. The printed structure was painted with a solution of PLA 
and SnOx catalyst before epoxy infusion producing a solid layer of PLA on the outer walls of the 
sacrificial template, thereby preventing epoxy from infiltrating the otherwise porous structure. 
 
 
 
Figure B.1: 3D sacrificial template and inverse architecture created after VaSC: a) printed tree-like sacrificial 3D 
structure, b) zoomed 2X, showing print fidelity; and c) branched vasculature in epoxy after VaSC filled with 
chemiluminescent dye. Figure reproduced from Gergely et al. 2014 [108] with permission from John Wiley & Sons, 
Inc. 
 
B.3 Flow Rate Analysis 
Flow rate experiments were conducted in order to compare the manufactured structures 
with theoretical calculations (Figure B.2). Experimental data was collected by using a static 
pressure head at RT = 21 °C. The test liquid was 85/15 wt% glycerol/water mixture (103 cP, 
measured on a TA instruments AR-G2 rheometer using a double gap concentric cylinder 
geometry at RT). Mass flow rate data was collected at 10 Hz using a computer-interfaced 
analytical balance (XS204 DeltaRange, Mettler-Toledo). Experiments were performed under 
laminar flow conditions (maximum Reynolds number of 13). 
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Flow in the 3D specimen was compared to computational fluid dynamics (CFD, 
FLUENT v.15.0 ANSYS) simulation of the CAD geometry that served as the initial input for 3D 
printer. The simulated flow rate through the nominal geometry is on average 26% higher than the 
flow measured experimentally. After observing that the 3D-printed template is imperfect and 
possesses local undulations, a more precise geometric representation of channel architecture was 
reconstructed through MicroCT. CFD simulations based on the refined microCT geometry show 
closer agreement, with only 9% higher flow rate (on average) than measured experimentally.
§§§
  
 
 
 
Figure B.2: a) Flow results for printed tree-like structure (3D) ( n = 1). Discrete points are experimental data. Error 
bars  (smaller than the data markers) represent one standard deviation from three measurements. CFD models of 
nominal (dashed line) and microCT (solid line) geometries. b) Pressure and c) velocity (midplane cross section) 
profiles from CFD of microCT at 3.6 kPa input pressure. Figure reproduced from Gergely et al. 2014 [108] with 
permission from John Wiley & Sons, Inc. 
 
  
                                                 
§§§ MicroCT reconstruction and CFD analysis was performed by Jason Patrick and Stephen Pety in a team led by 
Ryan Gergely. Full details of experimental procedures can be found in Gergely et al. 2014.[108] 
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APPENDIX C 
IMAGE GALLERY 
Marketing and communication are at least equally important to the technical content of 
academic research. Without an audience, research is neither funded nor adopted for technological 
gain. Skills built during dissertation research include operational competency with photographic 
equipment as well as Adobe Create Suite® software. Throughout this appendix, readers will be 
treated to several beautiful photographs taken by the author over the past 5 years. 
 
 
 
Figure C.1: Microvascular delivery of a two-stage healing agent. Microvascular channel diameter = 330 μm. Image 
captured with Canon EOS 7D and colorized with Adobe Photoshop. 
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Figure C.2: Confocal fluorescence micrographs of two-stage polymer with Rhodamine (red) and fluoresceine (green) 
dyed nanospheres after filling a damage volume with two-stage polymer (Table 3.1) and allowing a 24-hr cure. 3 
replicates are shown for each delivery schedule (Figure 3.3): a-c) Perfectly mixed controls. d-f) Alternating. g-i) 
Simultaneous. j-l) Double frequency alternating. Damage diameter is 6.5 mm (scale bar = 1 mm). 
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Figure C.3: Confocal fluorescent micrograph of microvascular two-stage polymer captured with Zeiss LSM 700 and 
colorized using Zeiss Zen (Blue) software. The circle diameter is 6.5 mm. 
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Figure C.4: Heart-shaped outline of rapidly gelling healing agents in 4-channel vascular sample with .001 wt% 
carbon black added for contrast enhancement. Image captured with Basler AF213423. The circle diameter is 
approximately 9.0 mm. 
 
 
 
 
 
Figure C.5: Failed encapsulation of magnetite captured with Leica DMR optical microscope. The field of view spans 
approximately 3.75 x 5.0 mm. 
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APPENDIX D 
MIXING BY DIFFUSION 
This dissertation asserts that mixing of healing agents is required for successful function 
of self-healing materials and that simple diffusive mixing of healing agent components is 
insufficient to accomplish a timely recovery. This assertion was experimentally illustrated in the 
case of the PVA-Borate gel system (section 2.4), whereby instant gelation created an interface 
between PVA and Borate solutions and further mixing was only accomplished via diffusion of 
healing agent components (Figure 2.12a). An engineered solution was required to induce mixing 
and accomplish gelation of the entire delivery volume (Figure 2.12b-c) due to the limitations in 
diffusion rate. A brief look at diffusion coefficients of macromolecules (such as dissolved 
polymers or oligomers) is hereby warranted to understand the length scale and timescale 
limitations of diffusion and inform the degree of mixing required by engineered methods. 
The diffusion process of a macromolecule in a free solution is described by the Stokes-
Einstein relation, 
6
B
H
k T
D
R
       (D.1) 
Where D is the diffusion coefficient, kB is the Boltzmann’s constant, T is the temperature, η is the 
solvent viscosity, and RH is the hydrodynamic radius.
[110]
 The diffusion coefficient (represented 
in cm
2
/s) provides a useful reference in understanding the rate by which diffusion can occur. 
Experiments for macromolecules (radii ranging from 2-60 nm) in room temperature water yield 
diffusion coefficients on the order of 10
-6
-10
-8
 cm
2
/s.  Precise calculations of diffusion 
coefficients for the healing agents discussed in this dissertation are not possible without more 
intimate knowledge of solvent and solute properties. Even for an optimistically high diffusion 
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coefficient of 10
-6
 cm
2
/s, mixing remains on the order of 10’s of nanometers over the course of a 
minute 
Muhr et al. provide a scathing (but informative) review of the body of work surrounding 
the concept of diffusion of solutes within a gel and note that experimentally observed diffusion 
coefficients may be further reduced by physical obstruction from the gel network, increased 
hydrodynamic drag, alteration of solvent properties due to the gel, or polymer involvement such 
as gel-solvent or gel-solute interactions.
[111]
 Since the healing agents described for this research 
(section 2) each react to form networks (either thermoset polymers or more complex 
interpenetrating gel networks), we can safely assume that diffusion coefficients for any of the 
formulas discussed (section 2) are likely to be much lower than the 10
-6
 cm
2
/s assumption due to 
network obstructions. Although crude, these calculations and assumptions are sufficient to 
demonstrate mixing by diffusion alone is inadequate for large-scale damage in polymers, 
particularly when a rapid response is required to prevent bleed-out. Further investigation is 
warranted to understand diffusion rates in reacting healing agents such that vascular techniques 
can be designed to meet a requisite (but as-of-yet undefined) mixing criterion. 
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